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ABSTRACT

This dissertation presents a search for dark matter in events with one or more jets and
large missing transverse energy using proton-proton collisions at center-of-mass energy of
13 TeV. The data was collected in 2016 by the Compact Muon Solenoid (CMS) detector at
the Large Hadron Collider (LHC) corresponding to an integrated luminosity of 35.9 fb~".
The results are interpreted in terms of Light Non-thermal dark matter model which explains
presence of dark matter as well as baryon asymmetry in the universe. Model independent
limit on narrow resonance is also obtained for monojet dominant coupling parameter space.
There is no evidence for an excess of events above the background processes in the signal

region, therefore cross section limits are set for different mediator masses.
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CHAPTER 1
MOTIVATION AND THEORETICAL BACKGROUND

The Standard Model of particle physics (SM) has always been appreciated by physicists
as it does not just describe the known particles (like electron and quarks) but it also predicts
new particles e.g. Higgs. But while it is incredible, it does not provides a complete picture
of the Universe, for example it cannot account for the dark matter and dark energy which
makeup 95% of Universe. Therefore physicists are actively considering alternatives like
physics beyond the Standard Model, particularly to explain dark matter and origin of the
matter in the Universe. There are strong cosmological observations for non-baryonic dark
matter and among others candidates, the weakly interacting massive particles (WIMPs) de-
scribe particle dark matter candidates which are highly motivated by particle as well as
astrophysics [1-3]. On the other hand, several broad and comprehensive searches are look-
ing for wide range of non-WIMP candidates in parallel, which can provide explanation for
dark matter existence and baryon asymmetry. Dark matter and baryonic matter are mys-
teriously related and modern physics is trying to solve the pressing puzzle that "why dark
matter’s density is so close to the baryonic matter density i.e. Q2py; ~ 5(25?". Moreover
anti-matter is not included into visible matter density, which leads to asymmetric universe
with an initial excess of baryons over anti-baryons. Non-WIMPs models are highly mo-
tivated since they account for the origin of the observed baryon asymmetry, dark matter,
strong CP problem, and the gauge hierarchy problem [4—6]. This dissertation includes re-
view and study of Light Non-thermal DM model, which explains both the presence of dark
matter and imbalance of baryonic matter in the Universe.

The first section of this chapter gives an overview of Standard Model particle content and
their properties. The second and third sections incorporate Physics beyond SM and descrip-

tion on dark matter including signatures, potential candidates and detection strategies.
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1.1 The Standard Model

The Standard Model of particle physics is a theory which describes the fundamental con-
stituents of Universe and their interactions. It incorporates all the known elementary par-
ticles as well as the fundamental forces to hold these particle together. This theory was
formulated in 1970s through the work of many scientists around the globe [8]. Discov-
eries of top quark (1995) [9], tau neutrino (2000) [10] and Higgs boson (2012) [11] [12]
demonstrate a great success of SM. Moreover it has proven itself useful in predicting several

properties of weak neutral currents and the W and Z bosons with a great accuracy.

1.1.1 Particles

SM includes seventeen fundamental particles which are divided into further classes as
shown in Figure 1.1. These particles can be distinguished in terms of their properties e.g.
electromagnetic and color charges, spin and hypercharge etc. Further classifications of these
elementary particles include fermions (6 quarks and 6 leptons) and bosons (4 gauge bosons
and a Higgs boson). Fermions are spin half (1/2) particles and follow the Pauli exclusion
principal which states that no two fermions can occupy the same place at the same time.
Each fermion has an antiparticle whose charge is opposite to the fermion. Quarks come in
six flavors (up, down, charm, strange, top, bottom). A distinguishing property of quarks is
that they carry color charge in addition to electromagnetic charge and weak isospin, which
allows them to interact with other particles through strong force. Quarks do not exist indi-
vidually rather they form composite particles namely mesons (quark doublets) and baryons
(quark triplets), which are collectively called as hadrons. Proton and neutron (together nu-
cleons) are the two familiar baryons with lowest mass. Characteristics of quarks are enlisted
in Table 1.1.

The remaining six fermions are called leptons and do not carry color charge. Historically
leptons were considered to be light particles and hadrons were believed to be the heavy ones

but this perception did not hold anymore with the discovery of tau lepton (weighs almost



Texas Tech University, Sonaina Undleeb, December 2017

a 1t Gen. N 2"d Gen. N 3" Gen.
up charm
(w) ©
2
s
S
s down strange
- (d) (s)
AN
g
i
&
g
a,
e electron muon
neutrino neutrino neutrino
(vo) (v,) (vo)
\_ AN AN /

-
gluon
®
N—
-
photon
(Y)
M’
W&Z

suosoq

Figure 1.1: Particle contents of Standard Model. Color flow (from light to dark) represents

lighter to massive particles, white represents massless particles.

twice the proton mass). Neutrinos form an important subgroup within the leptons. They

are almost massless and come in three flavors, matched to their partner leptons ie. electron,

muon and tau. They do not posses any electric charge either and hence weak interaction is

the only permissible interaction which makes their detection quite challenging.

Quark Discovered | Spin Electric Color Mass
Charge Charge (MeV/c?)

up (u) 1968 172 + 2/3 r,gb 2.3
down (d) | 1968 172 —1/3 r,gb 4.8
charm (¢) | 1970 1/2 + 2/3 r,g,b 1275
strange (s) | 1968 1/2 —1/3 r,g,b 95

top (t) 1995 172 + 2/3 r,gb 173,200
bottom (b) | 1977 172 —1/3 r,gb 4,420

Table 1.1: SM quarks and their properties.

The quarks and leptons are grouped into three generations with corresponding particles

3
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possess similar physics behavior as shown in Figure 1.1. Stable particles (hadrons) are made
up of generation 1 (e.g. stable atoms made of electrons, protons, and neutrons) whereas
generation 2 always constitute unstable hadrons. The longest lived particle, containing quark
form this generation, is the lambda (A) baryon which is made up of up, down and strange
quarks with life time 10~ seconds. Particle form generation 3 are the heaviest particles

which decay with very short half life. Leptons and their properties are enlisted in Table 1.2.

Lepton Discovered | Spin Electric | Mean Life (s) Mass
Charge (MeV/c?)
electron (e) 1897 172 -1 00 0.511
electron neutrino (v,) | 1956 172 0 <107°
muon (y) 1936 172 —1 2.197x1076 105.7
muon neutrino (v,) | 1962 172 0 <107°
tau (7) 1975 172 —1 (2914+1.5)x10715 | 1777
tau neutrino (v;) 2000 1/2 0 <1075

Table 1.2: SM leptons and their properties.

Other than fermions there are four gauge bosons which are defined as force carriers of
fundamental interactions. These interactions occur via exchange of gauge bosons, generally
known as force mediator particles .Microscopically the effect of such exchange is equivalent
to the force influencing both the particles and therefore the exchange particle is referred
to have mediated that force. All the gauge bosons are spin 1 particles and in contrast to
fermions, they do not obey the Pauli exclusion principle which means they do not have any
theoretical restriction on their spatial density. The SM mediators are photons (), W™+, W,
Z and gluons. Photons are massless and are responsible for electromagnetic force between
electrically charged particles. Theory of quantum electrodynamics explains photons very
well. Gauge bosons W, W~ and Z are mediators of weak interactions influencing quarks
and leptons. 7= bosons have mass (=~ 80 GeV ) each and have 1 electric charge whereas Z
is neutral with mass (= 90 GeV). Moreover W+ only interact with left handed particles and

right handed antiparticles whereas Z mediates interaction with both left handed particles
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and antiparticles.

Boson Interaction field | Spin Electric | Color Mass
Charge | Charge (GeV/c?)

gluon (g) | Strong 1 0 8 colors 0

photon (vy) | Electromagnetic | 1 0 none 0

W= Weak 1 +1 none 80.39

Z Weak 1 0 none 91.19

Higgs (H) 0 0 none 125.9

Table 1.3: SM bosons, their interactions and properties.

The last gauge boson is gluon which comes in eight types and acts as the exchange particle
for the strong force between quarks. All gluons carry color charge (red, green or blue) and
therefore also participate in the strong interactions, which makes it harder to understand the
theory of Quantum Chromodynamics (QCD). There are color singlet and color octet states
for gluons where singlet states can only interact with other singlets but since strong force is
very short ranged therefore such type of interaction does not exist and so the gluon in the

singlet state [13—19]. These states are linearly independent and are given below

r7 4 bb + g
Y 1.1
7 (1.1)

Above expression represents color singlet states while octet states are given in 1.2.
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o (1.2)

r7 + bb — 293

T
Finally Higgs boson is the last boson in the list which is a scalar massive particle, theo-
rized in 1964 by Peter Higgs [20], when all the attempts to create a gauge invariant theory for
weak force were completely unsuccessful. The gauge symmetry predicts that gauge bosons
for electromagnetic and weak forces i.e. photon, W+ and Z should be massless but since
except photon all of them are massive therefore electroweak symmetry breaks [21]. The re-
sults of 1962 [22]and 1963 [23] research studies concluded that the electroweak symmetry
would be broken in presence of an unfamiliar field and consequently some of the particles
would acquire mass. This unusual field was referred to as Higgs field and corresponding
symmetry breaking phenomena was named as Higgs mechanism. Higgs field is assumed to
be everywhere and building blocks of matter (quarks and leptons) and gauge bosons (W=
and Z), moving around through space, interact with this field and therefore acquire mass.
On the other hand gluon and photon are massless as they are not influenced by Higgs field.

Interestingly Higgs boson interacts with its own field and this is the reason it is massive. In
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addition Higgs boson is not like other SM gauge bosons because Higgs mechanism does
not result in any kind of force (like the strong, electromagnetic, and weak forces) [20-24].
Being a very massive particle, Higgs boson decays immediately after it is produced. The
only way to confirm its existence is through high energy particle accelerators and experi-
ments at Large Hadron Collider (LHC) played a very significant role in this regard. The
Higgs hunt was started with experiments at LHC (CERN) in early 2010 and at Tevatron
(Fermilab) till the end of 2011 and finally on 4th July 2012 both CMS [11] (Figure 1.2) and
ATLAS experiments [12] independently confirmed the existence of Higgs boson with mass
of 125 GeV. Characteristics of Higgs boson and gauge bosons along with their interactions

are given in Table 1.3.
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Figure 1.2: Figure demonstrates CMS results in terms of invariant mass distribution of (a)
four leptons in H — Z — 4l and (b) diphoton in H — 2~ . Higgs boson signal with mass
125 GeV and added background expectation are shown [11].

1.1.2 Interactions

Fundamental interactions or forces are those which are irreducible to more basic interac-

tions. There are four such known forces, namely strong, electromagnetic, weak and gravity,

7
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mathematically each of them is described as field. Gravitational force is explained by Ein-
stein’s theory of general relativity and is referred to the spacetime curvature. Remaining
three are called discrete quantum fields and are very well explained by SM.

Gluons mediate strong interactions as they "glue" quarks together to form hadrons e.g.
proton and neutron which form structure of atomic nuclei. Photons are carrier of elec-
tromagnetic interactions, where electric and magnetic fields are responsible for chemical
bonding and electromagnetic waves. Weak force is mediated by W'+ and Z bosons and acts
on both quarks and leptons. An example of weak interaction is § decay.

Electromagnetic force influences electrically charged particles and includes both electro-
static force as well as combined effect of electric and magnetic forces for moving charges. It
is a long range force and describes many everyday phenomena like friction, lightening and
working of electric current devices e.g. television, scanner and computers etc. Electric and
magnetic phenomena are historically known and in 19th century it was discovered that both
of these phenomena are actually two different aspects of same interaction. Later this merged
interaction was quantified by Maxwell in 1864. Electromagnetic and weak interactions are
combined into electroweak interactions at above the unification energy ~ 246 GeV. It is
important to understand this unified theory as it plays an important role in understanding
modern cosmology and evolution of the Universe.

Strong force is very short range force which exists only within atomic nucleus (~ 10~°m)
and therefore is the most complex SM interaction. Outside the nucleus this force just van-
ishes. After the discovery of nucleus in 1908, it was clear that there exists another type of
force that is strong enough to overcome the electrostatic repulsion between protons inside
an atomic nucleus. Presence of such force ensures the existence of nucleus and is known as
nuclear force.

It is believed that all of these forces are related and can be merged into one single force
at very high energy (Planck scale). So far the high energy particle accelerator cannot reach

such high energy to experimentally probe this. It will not be wrong to say that devising
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theoretical frame work for unified forces will be one of the greatest achievement in theory
of particle physics. Electromagnetic and weak forces have already been unified with the
Nobel winning electroweak theory of Sheldon Glashow, Abdus Salam, and Steven Weinberg
whereas efforts are being made in developing Grand Unification Theory (GUT) for further

merger of electroweak and strong forces. [13—19]

1.2 Physics Beyond Standard Model

The standard model of elementary particles (SM) agrees very well with experiment but

it leaves some phenomena unexplained. Following are some of them:

e What is the origin of particles masses?
e What is the nature of dark matter and dark energy?
e How one can explain the neutrino masses and mixing?

e What is the origin of imbalance in baryonic matter and antibaryonic matter?

In order to find answers to these and several other questions, particle physicists have been
interested in physics beyond the Standard Model (BSM). The infinite possibilities open up
when we go beyond the standard model [25-27].

1.3 Dark Matter

There is enormous astrophysical and cosmological evidence for presence of dark mat-
ter(DM) in our universe [28]. According to the recent measurements from the Planck mis-
sion, the baryonic matter makes up 4.9% of the Universe whereas dark matter 26.6% and
the remaining 68.5% contribution comes form the dark energy [29]. Dark matter is dark as
it is not in the form of visible stars and planets. Secondly it is not in form of dark clouds
of normal matter otherwise they could be detected by their absorption of radiation passing
through them. Thirdly it is not antimatter as we would be able to see the unique gamma rays

in its annihilation with the matter.
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1.3.1

Evidence
The Galactic Scale
Observation of galaxies rotation curves gives most compelling and direct evidence
for dark matter. The observed rotation curve shows a typical flat behavior at large
distances as shown in Figure 1.3, whereas according to Newtonian dynamics the cir-

culation velocity should be falling o< 1/+/r beyond the optical disk [28].

o(r) = 1/ M) (1.3)

r

M(r) is given by M (r) = 4w [ p(r)r?dr where p(r) is the mass density. The flat
behavior means the velocity v(r) is approximately constant and hence indicates the

presence of a halo with M (r) oc 7 and p o< 1/72.

150

0 10 20 30
Radius (kpc)

Figure 1.3: Rotation curve of NGC 6503 for gas, disk and dark matter [42].

Strong gravitational lensing of elliptical galaxies also provide evidence for dark mat-
ter [30] e.g. presence of substructure around distinct massive elliptical galaxies via
weak modulation of strong lensing [31,32]. Another signature comes from the Oort

discrepancy in the disk of Milky Way which refers to the insufficient number of ob-
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served stars around sun and thus the necessary balance must be made by some unob-
served matter [33]. Further evidence include: weak gravitational lensing of faraway
galaxies by foreground structure [34], the velocity dispersions of dwarf spheroidal
galaxies which are found to be larger than predictions based on the assumption that the
mass-to-light ratios should be similar to those observed in globular clusters [35,36],
the velocity dispersions of spiral galaxy satellites which infer dark halo presence

around the spiral galaxies [37,38].

The Scale of Galaxy Clusters

Galaxy cluster scales give a strong signature of dark matter. In a study, velocity dis-
persion of galaxies in the Coma cluster was measured which inferred the mass-to-light
ratio of approximately 400 solar mass per solar luminosity. This value exceeds the
ratio in the solar neighborhood by two order of magnitude [38] and most recent esti-

mates are also consistent [39-41].

Various methods can be used to find cluster mass e.g. weak gravitational lensing,
by applying virial theorem to observed distributions of radial velocities and by look-
ing into hot emitting gas distribution in clusters by studying X-ray emission. For a
system with spherical symmetry, the equation of hydrostatic equilibrium is given as

following:

1dP

o —a(r) (1.4)

where P is pressure, p is the density and a is acceleration of the gas, at radius 7.

Above expression can be rewritten in terms of temperature for an ideal gas.

dlog p N dlogT 1 pum,

dlogr  dlogr __T( k Ja(r) (1.5)

m,, refers to mass of proton. This equation can be further simplified by considering

11
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the fact that the outside the core, temperature of clusters is approximately constant
and at large radii, density of observed gas follows a power law. The temperature
found in such way and corresponding observed temperature are inconsistent and hence
proposes the existence of significant amount of dark matter inside the cluster.

These results can be checked against gravitational lensing data estimates. According
to Einstein’s theory of general relativity, mass bends light. The gravitational field lines
of massive objects expand over large distances in space cause the near by passing light
rays deviate and refocus somewhere else. The gravitational mass of the cluster distorts
the images of background objects which can be used to predict the shape of potential
well and thus cluster’s mass [44]. Figure 1.4 shows Hubble Space Telescope image

of galaxy cluster where light arcs are result of strong gravitational lensing.

Figure 1.4: Hubble Space Telescope image of galaxy cluster SDSS J1038+4849 showing
light arcs caused by strong gravitational lensing [51].

e Cosmological Scales
Analysis of Comic Microwave Background (CMB) which is the leftover heat of Big

Bang, helps to estimate the total amount of dark matter in our universe [45,46]. Re-

12
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sults of several CMB experiments e.g. WMAP [47], ACBAR [48] and CBI [49] and
cosmological measurements obtained by SDSS [47] are consistent with Big Bang

nucleosynthesis predictions [50].

1.3.2 Dark Matter Candidates
Previous section describes several compelling evidence of dark matter existence so it is
natural to ask what is dark matter comprised of? This section includes some of the proposed

candidates in the literature.

1.3.2.1 Thermal Dark Matter

Thermal production is a mechanism in which dark matter was created from particles in
thermal equilibrium in the early universe. After Big Bang when temperature of Universe
was extremely high, the thermal equilibrium obtained and number densities of dark matter
particles (Weakly Interacting Massive Particles) and photons were approximately equal to
each other. The number of both WIMPs and photons dropped together with the decrease in
temperature and as soon as the temperature reduced below the mass of WIMPs, the number
of such particles started to drop exponentially. The annihilation of WIMPs stopped at certain
point when their density decreased enough that probability of finding another WIMP to
annihilate became small. This situation is called "freeze-out" with significant number of
WIMPs still present in the Universe and their final relic density is insensitive to the initial

conditions [2,3]. The main properties of WIMPs are described below.

e Weakly Interacting Massive Particles (WIMPs)
The key features of this particle class are as follows: interaction around typical weak-
force, interactions with fine structure constant v ~ 1072 and particle mass near the
weak scale m ~ 100 GeV. Supersymmetric nutralino and Kaluza-Klein photon are
theoretical WIMPs, introduced to look for new physics at the electroweak breaking

scale and possibly explain the difference with Planck scale [52-54].

13
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1.3.2.2 Non-thermal Dark Matter

In contrast to thermal production, non-thermal dark matter is believed not to be in
thermal equilibrium with the plasma in the early universe and was created in decays
of heavier particles or extended structures. the final relic abundance of such parti-
cles can be completely determined by the initial conditions [2]. Theorists proposed
several non-thermal dark matter models like Supersymmetric axion models and lit-
tle higgsino DM model etc. This dissertation studies Light Non-thermal DM model,
described in Chapter 4 and the monojet search results are interpreted in terms of this
model in Sections 8.3.2 and 8.3.3. Some of the non-thermal dark matter candidates

are briefly discussed below.

e Axions
Axions are hypothetical particles emerged to resolve strong CP problem in QCD. One
way to produce axion dark matter is through non-thermal coherent oscillations on the
axion field near the QCD phase transition. Axions produced in such cases have zero
momentum and low mass m ~ 10 peV. It was believed that axion can only be warm
or hot dark matter particles [55, 56] however recently it has been hypothesized that

axion could also be a cold dark matter for very low reheating temperatures [57-59].

e Gravitinos
Gravitino is the supersymmetric partner of the graviton in supersymmetric models.
Supergravity predicts the gravitino, analog of W and Z bosons in electroweak the-
ory, which may be the lightest supersymmetry particle and a natural DM candidate.
Depending on supersymmetry breaking mechanism, the gravitino could be anywhere
in the mass range from ~ eV to TeV. Despite of their strong theoretical motivation,

gravitinos are very hard to observe as they interact only gravitationally [60].

e Sterile Neutrinos

14



Texas Tech University, Sonaina Undleeb, December 2017

Sterile neutrinos are similar to SM neutrinos but they do not interact electroweakly.
Since mass eigenstates are different from the electroweak ones therefore sterile neutri-
nos may mix with electroweak, or active, neutrinos. As dark matter, sterile neutrinos
may be produced in the early Universe in many ways. Depending on their produc-
tion mechanism, sterile neutrinos can be constrained by their effects on smaller-scale

structure in the Universe [61, 62].

There is a huge list of other dark matter candidates including dark matter from little Higgs
models [63, 64], superheavy dark matter (Wimpzillas), mirror particles [65-68], CHarged
Massive Particles (CHAMPs) [69], self interacting dark matter [70, 71], D-matter [72],
brane world dark matter [73], crypton [74], superweakly interacting dark matter [60] and

many more.

1.3.3 Detection Techniques

Three main techniques are carried out to exploit the interaction between dark matter and
SM as shown in Figure 1.7. The detection strategies depend on the type and couplings
of this interaction. All the three strategies compliment each other as they try to solve the
same problem but with different methods. In this section I will briefly go through these

astroparticle techniques.

e Direct Detection
Direct detection is one of the most promising technique in dark matter search. It is
based on the idea that if galaxy is full of WIMPs then these galactic WIMPs should
pass through earth too and interact with matter (nuclei) in the lab while depositing
energy to a single nucleus [75-77]. Direct detection signal is calculated on basis of
several ingredients like velocity and density of galactic WIMPs in the solar neighbor-
hood as well as the cross section of WIMP-nucleon scattering. Such type of informa-
tion can provide the foundation for expected event rate calculation in direct detection

experiment. The rate is given as:
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Indirect Detection
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Figure 1.5: Different dark matter detection strategies are explained in a toy Feynman dia-
gram.

R~ Ny <oy > (1.6)

where summation is over nuclei species in the detector and /V; is the number of target

nuclei in the detector given by:

Mass of detector (1.7)

i

~ Atomic mass of nuclei species i
n, represents local WIMP density whereas WIMP-nuclei scattering cross section is
given by o, [78].

The types of scattering are divided into elastic or inelastic and spin-dependent or spin-
independent. There are a number of direct detection experiments which are either
working or are recently in development. These experiments make use of several de-

tection techniques to measure the recoil of nucleus as a result of dark matter scattering.
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These techniques include observation of photon (in experiments CREST and CUORI-
CINO), scintillation (in experiments DAMA [79], ZEPLIN-I LIBRA and NAIAD)
and ionization (in experiments HDMS, GENIUS, MAJORANA, DRIFT and IGEX).
Multiple techniques are also used in some experiments e.g. both ionization and pho-
ton techniques are carried out in CDMS [80] and EDELWEISS [81] experiments,
XENON, ZEPLIN-II, ZEPLIN-III and ZEPLIN-MAX make use of scintillation and
ionization techniques whereas scintillation and photon techniques are incorporated in
CRESST-II and ROSEBUD.

So far Large Underground Xenon (LUX) detector provides the best lower cross section
limits for spin-dependent and spin-independent neutron interactions. LUX facility
includes huge time-projection chamber filled with scintillation liquid xenon (368 kg)
which is surrounded by highly sensitive light detectors and shielded by a large tank

of water [82].

Indirect Detection

Indirect DM searches are performed to observe the radiation produced in dark mat-
ter self-annihilations. The radiation flux is directly proportional to the dark matter
annihilation rate and hence depends on dark matter density. Therefore the regions
where dark matter densities are significant are natural places to search for large radi-
ation fluxes. One of the excellent choice for gamma ray or neutrino detection might
be dense regions of the galactic halos e.g. galactic center. There is also possibility
that Sun or earth have captured dark matter particles in their interior while they lose
their kinetic energy via scattering with nucleons and hence these astrophysical objects
could serve as dark matter annihilation regions. Galaxy clusters, the Milky Way halo,
Milky Way dwarf galaxies, the diffuse gamma-ray background and possible nearby
dark-matter subhalos are included in deak matter dense objects [83—86]. Dark matter

annihilation could result into variety of SM particles e.g. charged and neutral. How-
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ever annihilation products which are charged particles, make it very difficult to locate

point sources of such radiation as they move under effect of magnetic field. On the

other hand gamma rays and neutrino are easier to interpret as they point directly back

to their sources.

Neutrino-telescope observations of Sun and gamma-ray observations of the Milky

Way halo and of the dwarf galaxies therein provide interesting constraints on dark
matter mass [87-89].

Best upper limits on dark matter annihilation to high energy muons within Sun is
provided by IceCube detector and reported as 103 muons/km?/year [90] whereas Su-
perKamiokande telescope set the best upper limits for softer muons as 1500 muons/km?/year

[O1].

e Production at Collider
It is not possible to observe dark matter directly in collider experiments, rather it is
the large missing transverse energy (MET) accompanying a SM jet, which provides

signature for their existence.

Figure 1.6: Feynman diagram for monojet category in a simplified model where a mediator
(Z") couples to dark matter.

The strategy is to cautiously measure the transverse momentum of all particles gener-
ated in an interaction and look for any imbalance in momentum. Since total transverse

momentum before the collision is almost zero therefore according to law of conser-
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vation of momentum, after the collision, vector sum of transverse momenta of all the
particles should also be negligible. Resolution and geometry of sub-detectors play a

crucial role in accuracy of these calculations.

Missing transverse momentum,
inferred from momentum conservation
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Figure 1.7: Schematic diagram showing missing transverse energy against recoil of visible
SM particles in collider [92].

Very common collider dark matter searches are accumulated as mono-X where X
refers to SM particle produced as a result of collision. Several mono-X signatures are
studied where X is a quark or gluon jet [93,94], lepton [95, 96] or photon [97-99].
Mono-Z/W [100, 101], mono-top, mono-bottom [102-104] and mono-higgs [105,
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106] are also part of such analyses.

It is important to keep in mind that collider searches are different from the traditional
dark matter searches as dark matter is created in the collider and is not from the cosmic

origins and hence may not be stable on cosmological time scales [107].
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CHAPTER 2
EXPERIMENTAL APPARATUS

The main goal of experimental high energy physics is to understand the origin of elec-
troweak symmetry breaking and to explore physics beyond the standard model. This led
the particle physicists to devise the most powerful possible apparatus, which can help to
comprehend the fundamental forces and particles of the universe at the smallest scales of
length. The world wide physicists’ and engineers’ efforts were combined to build the biggest
particle accelerator ever i.e. the Large Hadron Collider (LHC), which consists of several
particle detectors. This experimental facility is located at European Organization for Nu-
clear Research (CERN) near Geneva, Switzerland. The data analyzed in this dissertation is
collected at Compact Muon Solenoid (CMS) detector at the LHC, in proton-proton collision
experiment in 2016, at center of mass energy 13 TeV with total integrated luminosity 35.9

fb~!. This chapter includes an overview of the experimental apparatus.

2.1 The Large Hadron Collider

LHC is the world’s largest and most powerful tool for particle physics research. Figure 2.1
shows a schematic layout of the LHC facility. This machine was installed in the existing 17
miles circumference tunnel that was constructed between 1984 and 1989 for the CERN
Large Electron Proton (LEP) collider. The LEP tunnel is located 45-170 meters beneath the
Franco-Swiss border and consists of eight straight sections and eight arcs. There are two 2.5
km long transfer tunnels built to connect LHC facility to other parts of CERN. The longer arc
sections contain 1232 superconducting dipole twin bore magnets around the ring to keep the
particle beams in a circular path. Each section is cooled by a system of Niobium-Titanium
Rutherford cables at a super-conductive temperature of 2 K. LHC uses more than 8000 other
higher-order multipole and corrector magnets to stabilize and focus the proton beams. A

large electric field is used to remove electrons from the Hydrogen, leaving only the protons.
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Resulting proton bunches are accelerated in Radio-Frequency (RF) cavities, which produce
electromagnetic fields to increase proton’s energy at each turn in the accelerator ring until
they gain speed almost equal to that of light. The energy of the protons increase until its
velocities reaches very close to the speed of light. At this point proton beams are split in
2808 bunches of protons per beam, with about 10! protons per bunch. Once stable beams
are acquired, they are squeezed and collided at the four collision points where the particle
detectors are placed. The proton bunches in each beam are collided every 25 ns and several
proton-proton collisions happen during each bunch crossing. Performance of the collider is
characterized by a parameter known as instantaneous luminosity L and is given as a function
of the rate of event production.
I Ne EN2f

- k 3k
o Arnoioy

2.1

Where N, is the event rate, o is the process cross section, £ is number of bunches, N
is number of protons per bunches, f is the beam revolution frequency (11.25 kHz) and
o, and o, are horizontal and vertical beam sizes at collision points, 16 xm each. Beam
intensity reduces over time and hence the luminosity, with a life time of 7 ~ 15 hours. It
is therefore required to dump and refill the beam periodically about every 7 hours. The
integrated luminosity is calculated as the integral of luminosity as a function of time and

directly relates to the number of collisions in a given time period.

L= / L(t) dt (2.2)

where L(t) = Lo/(1 + t/7)* with L as initial luminosity.

CERN accelerator complex is made up of a number of linear and circular accelerators
which are linked together and are used to enhance proton’s energy before they are injected
in the LHC ring. These accelerators are Linac2 (ramp energy up to 50 MeV), the Proton

Synchrotron Booster (PSB) (protons from Linac are accelerated here to about 91.6% of
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Figure 2.1: Figure shows schematic layout of LHC collider [108].

¢), the Proton Synchrotron (PS)(protons energy reaches to 26 GeV), and the Super Proton
Synchrotron (SPS) (proton beams acquire 450 GeV energy each).

LHC has seven versatile experiments which use detectors to analyze the huge amount
of collision data. ATLAS and CMS are the main experiments which use general purpose
detectors to search new physics and are installed at point 1 and 5 respectively. Another
experiment named ALICE is built at point 2 which studies heavy lead ion collisions. The
purpose of such studies is to search for quark gluon plasma which is believed to exist in first
few micro-seconds of the early universe after the Big Bang. b-physics is explored exclusively
at LHCb experiment (situated at point 8) whose goal is to understand the matter-antimatter

asymmetry of the Universe.
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Figure 2.2: Cross section of the two-in-one magnetic design for main LHC dipole magnets
[108].

LHC’s construction was completed in 2008 and first beams were observed on September
2008 in an inaugural commissioning run. It is designed to collide proton beams with a

~2571. During Run

centre-of-mass energy of 14 TeV and very high luminosity of 103! cm
1 (March 2010 to February 2013), LHC recorded proton beams collision at center of mass
energy /s =7-8 TeV followed by the Long Shutdown 1 (February 2013 to April 2015),
when LHC went through upgrades and eventually collisions were recorded at /s =13 TeV

in Run2 era (from April 2015 through 2016) as shown in Figure 2.3 [108-110].
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Figure 2.3: Total integrated luminosity delivered to and recorded by CMS during proton-
proton stable beams collisions at /s =13 TeV in 2016 [118].
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Figure 2.4: Comparison between total integrated luminosity delivered to CMS during
proton-proton stable beams collisions in different spans of LHC operation [118].
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2.2  The CMS Detector

Compact Muon Solenoid (CMS) is one of the two general purpose detector at LHC which
is designed to search for new physics at TeV energy scale (Figure 2.5) . It’s goal is to record
enormous rate of collisions from the proton beams, about 100 m below ground at Point
5 of the LHC, near Cessy, France. CMS is capable of detecting a variety of new physics
signatures. One of the goal was to confirm (or disprove) the existence of last SM particle
i.e. Higgs boson. This goal was achieved with the discovery of Higgs boson during Run
1 operation of LHC. This discovery motivated the particle physicists to explore beyond the
SM, like existence of dark matter or SUSY, which is the ultimate goal of the Run 2. CMS
and ATLAS experiments compliment each other but they differ in design. The outstanding
features of CMS are high magnetic field solenoid, a full-silicon-based inner tracking system,
crystal scintillator electromagnetic calorimeter and sampling calorimeter for hadrons. This
fascinating machine is cylindrical in shape with an overall length of 21.6 m and built around
a huge solenoid magnet. It is designed to be symmetric around the 14.6 m diameter beam
pipe and weighs 14000 tonnes. The sub-detector systems of CMS are arranged in layers
around the interaction region.

Barrel and end cap are the two main regions with the standard coordinate x-axis pointing
towards center of LHC, the y-axis pointing upward, and the beam direction is along z-axis.
In polar coordinates system r and ¢ represent distance from the beam and azimuthal an-
gle respectively, which are measured in x-y plane whereas polar angle 6 is calculated from
the z-axis. Pseudorapidity is calculated as a function of # and is quite handy in coordi-
nate measurement for highly relativistic particles, given as 7 = —In tan(¢/2). Transverse
momentum and energy of the beam are calculated from the x and y components whereas

imbalance in momentum is inferred as missing transverse energy e.g.

Pr = —ZP%
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Figure 2.5: The Compact Muon Solenoid (CMS) detector at the Large Hadron Collider,
with human figure for scale [119].

Inner most part of the detector is a silicon tracker that surrounds the beam interaction
point and measures the position of charged particles in terms of X,y coordinates. CMS
coordinate system is shown in Figure 2.7. The full tracking system includes ten layers of
silicon microstrip detectors and three layers of silicon pixel detectors. The electromag-
netic and hadron calorimeters are sandwiched between the solenoid magnet and the silicon
tracker. The ECAL barrel part makes use of avalanche photodiodes whereas end cap region
is occupied with vacuum photodiodes. This setup helps to read out scintillation light gener-
ated by electromagnetic particle interactions in the lead tungstate crystals. HCAL sits at the
outer side of ECAL with hybrid photodetectors in the barrel to detect scintillation light from
hadronic interactions with the brass and scintillator detector material. The scintillation light
is then transferred to the photodetectors with the help of clear fibers. Outside the solenoid

magnet, there is a muon system comprised of four stations embedded in the iron yoke of
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Figure 2.6: Schematic cross section of CMS detector [120].

the magnet. Each muon station includes sub-detectors such as aluminum drift tubes (DT)
in the barrel region and cathode strip chambers (CSC) in the endcap region, complemented
by resistive plate chambers (RPC) [111]. Figure 2.6 shows a schematic cross section of all

sub-detectors.

2.2.1 Solenoid

The CMS magnet is a superconducting solenoid with a magnetic field of 3.8 T which
is 100,000 times stronger than the Earth’s magnetic field. 13 m long and 6 m in diameter,
this gigantic magnet helps to determine the charge -to-mass ratio of high energy charged
particles from the curved path they follow in the magnetic field. The total current for 3.8
T is 18,160 A corresponding to stored energy of 2.3 GJ. The magnet is made up of super-

conducting niobium-titanium (NbTi) coils in 4 layer winding, which is refrigerated at very
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low temperature of 4.5 K. The tracking system along with calorimeters are surrounded by
the magnet while the muon system lies outside of it. The magnet is enormously strong and

shapes up the experimental structure of CMS.

2.2.2  CMS Tracking System

In order to understand the high energy collisions, it is very crucial to measure the par-
ticle’s momentum with a great precision, CMS tracker with 205 m? of silicon sensors has
been designed to fulfill this task. The driving principle is that particle’s path would be ef-
fected in presence of a magnetic field i.e. more curvature corresponds to lower momentum.
The particles are tracked by recording their position in x-y coordinates at the chosen mea-
surement points. The tracker can accurately reconstruct trajectories of several high energy
particles like muons, electrons and hadrons. It also keeps track of particles arising from
secondary vertices such as b-quarks. Each measurement of the tracking system is accurate

to 10 um which is equivalent to a fraction of human hair width.

M= 0.55
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N=132 4 o
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=
Il

Figure 2.7: Figure shows (7, ¢) coordinates which are used to track particles inside CMS
detector [121].

The CMS tracking system sits at the core of the detector, surrounding the IP and is entirely
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silicon based. Cylindrical in shape, the detector is 5.8 m long with a diameter of 2.5 m
and encompasses pseudorapidity |n| < 2.5. Since it is the inner most part of the detector
therefore it receives severe radiation doses, roughly 0.18 to 84 Mrad for every 500 fb~! of
data. In order to minimize such radiation damages, it is required to select the construction

material very cautiously and also the operating temperature is set to —10 °C.

Figure 2.8: Silicon Pixel detector layers are shown in the plane perpendicular to the beam
direction [122].

The tracker has two parts, inner pixel detector and outer strip detector with 13 layers in
the central region and 14 in the endcaps (Figure 2.9). Starting from the center, first 3 barrel
layers (48 million pixels) along with two endcap disks (18 million pixels) make up the pixel
detector. Strip detector is comprised of next four layers (10 cm x 180 pm silicon strips)
followed by six outer layers (25 cm x 180 pm silicon strips) which makes the total of 9.6

million strip channels.
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Figure 2.9: Several detectors in the silicon tracker. Silicon pixel detector is shown in blue
whereas silicon strip detectors i.e. TIB, TID, TOB and TEC, are shown in red [123].

2.2.3 Electromagnetic Calorimeter

Outside of the tracking system, ECAL (Figure 2.10) is a cylindrical shape calorimeter,
constructed from 76,832 lead tungstate PbWO, crystals. ECAL barrel (EB) region contains
61,200 of such modules with a pseudorapidity coverage of |n| <1.479, while each ECAL
end cap (EE) consists of 7,324 modules, covering 1.479 < |n| < 3. The purpose of ECAL
is to collect energies of electrons and photons and lead tungstate which is extremely dense
and transparent material, helps efficiently to accomplish this goal.

The high resolution of electromagnetic objects requires a very fine granularity which is
ensured by ECAL'’s significant features like short radiation length (0.89 cm), high density
(8.28 g/cm?®) and a small Moliere radius (2.2 cm). EB and two D-electrodes on each EE
are designed by combining variety of supercrystal geometries. Distance of front faces of
EB crystals is about 1.29 m from the interaction point, with a size of 22 mm x 22 mm.
EB further extends to an outer radius of 1.77 m. The end caps are separated from IP at
z = +315.4 cm. The pyramidal shaped lead crystals are polished on all sides to enhance

internal reflection. In front of each endcap there are pre-shower detectors which are com-
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Figure 2.10: Schematics of CMS Electromagnetic Calorimeter (ECAL) [124].

posed of lead absorber and silicon detectors. The features of such detectors are: to identify
showers from minimum ionizing particles, detect and veto neutral pion production as well
as enhancing the position resolution of the ECAL [112]. Figure 2.11 and 2.12 show ECAL
crystals in endcap and barrel regions respectively. Energy resolution of ECAL is calculated
as a sum of three terms as follows:

o b

a
_ % g2 2.
E-VE EYC @3

Where a is Stochastic term representing fluctuations in the signal generation process, b is
noise term which arise due to readout electronics and last term c is a constant, which comes
from detector’s nonuniform response, fluctuation in longitudinal energy containment and

also energy lost in dead material.
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Figure 2.11: Lead Tungstate PboWO* crystal with its avalanche photodiode photodetector
used in ECAL barrel region is shown [123].

Figure 2.12: Lead Tungstate PbWO?* crystal attached to photomultiplier used in ECAL bar-
rel region is shown [124].

2.2.4 Hadronic Calorimeter

The next outer component of the CMS detector is hadronic calorimeter, primarily de-
signed to measure the energy and direction of hadronic jets i.e. shower of composite parti-
cles of quarks and gluons, while they interact with the detector material. Another important
feature of HCAL is its contribution in measurement of missing transverse energy which
could provide signature for new physics such as existence of dark matter etc. Collective in-
formation from HCAL, ECAL and muon system helps in determining the physical objects
like photons, electrons and muons.

This subsystem lies between 1.77 m to 2.95 m from the beam line with an || coverage of

5.2. Itis a sampling calorimeter with layers of absorber and scintillator material. Absorber
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material is used to produce cascade of particles from incident hadrons, corresponding en-

ergy is deposited and read out from the active scintillator layers.
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Figure 2.13: Several HCAL regions are shown in longitudinal view of one CMS quadrant
[125].

HCAL is organized into four sections: barrel, endcap and forward. HCAL barrel (HB)
region covers || < 1.3, whereas the HCAL end caps (HE) covers 1.3 < |n| < 3 and and
the HCAL forward (HF) calorimeter covers large pseudorapidity range || < 5.2. The
HCAL outer (HO) calorimeter lies outside of the solenoid and absorbs the excessive en-
ergy. The granularity of HB, HE and HO tiles is given in terms of (7, ¢) coordinates as
An x A¢ =0.087x0.087.

The HB region includes two half-barrels with total 36 identical wedges, each individual
wedge weighs 26 tonnes. The scintillating material is organized in form of trays while each
scintillator layer contains 108 trays and each wedge is made up of 17 such layers. Thick
brass plates are used as separator between the scintillator layers including eight 50.5 mm
thick and six 56.5 mm thick plates. Similar to HB, HE disks are designed with 36 identical

wedges, containing a total of 1,368 trays of 20,916 trapezoidal shaped scintillator tiles. The
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depth of HB is not sufficient enough to manage the whole bulk of particle shower on its own
therefore the HO had been included as an extension to measure the energy that is leaked by
the barrel and also the late starting shower. The HO is comprised of five ring shaped regions
where the magnetic field is returned through an iron yolk. These rings are assigned numbers
-2,-1,0, +1, +2, corresponding to increasing value of z. The interaction length is smaller at
the central ring therefore two HO scintillating layers had been placed on either side of the
tail catcher iron of thickness 19.5 cm. The other HO rings consists of single scintillating
layer.

HF calorimeter is made of iron and quartz fibers and placed 11.2 m away from the IP.
Since it covers large range of pseudorapidity thus plays an important role in jet detection and
K1 resolution, which could help in exploring physics searches such as top and Higgs pro-
duction as well as supersymmetry particles. HF barrel region contains 18 identical wedges,
48 PhotoMultiplier Tubes (PMT) per wedge, with layers of steel plates, each Smm thick.
HF bears high particle flux therefore it requires radiation resistive material and also regular
checking of radiation damages. This purpose is served by Cherenkov-light emitting quartz
fibers (diameter of 800 m), embedded in dense steel absorber of thickness 165 cm. Fibers
are divided in two type: long, which run through full length of the absorber and short which
start at the depth of 22 cm from the front of HF barrel. This design helps in recognizing
electromagnetic and hadronic showers as electromagnetic shower loses almost all of its en-
ergy in first 22 cm whereas hadronic shower deposits energy throughout the material. The
fibers are bundled together to form 13 towers with a granularity of Anx A¢ =0.175x0.175.
Figure 2.13 represents different HCAL regions in a cross sectional view of one of the CMS

quadrant.

2.2.5 The Muon System
As it is perceived by its name, detecting muons is one of the major task of Compact

Muon Solenoid detector. Since muons acquire large penetration power as compared to other
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charged particles, they pass through the material almost without any radiative loss, therefore
the CMS muon system is positioned at the outermost edge of the experiment. It consists of
end caps regions and a barrel region which is divided into four stations. Muon identification
and reconstruction of momenta is carried out by three types of gas ionization detectors: drift

tubes (DT), cathode strip chamber (CSC) and resistive plate chambers (RPC) (Figure 2.14).

_ Muon system

DT Stations | ~
W
RPC Layers O

1200
Z (cm)

Figure 2.14: Schematic layout of one CMS quadrent. Green parts represent four DT stations
in the barrel (MB1-MB4), the four CSC stations in the endcap (ME1-ME4) are shown in
blue and the RPC stations are in red [126].

The DT system is made up of drift cells (Figure 2.15), with dimensions of 13 mm X
42 mm each, employed to measure muon positions in barrel region. Every single tube is
about 4 cm wide and filled with a mixture of Argon and Carbon dioxide gases. Each of
the DT chamber is made up of 12 aluminum layers which are organized in three groups of
four, each group contains about 60 tubes. The overall size of a DT chamber is about 2 m
x 2.5 m. Whenever a charged particle passes through the gas volume, it ionizes the gas,

while electron moves towards an inner anode and the information where it hit the wire as
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well as the charged particle’s original distance from the wire allow DT to provide particle’s

coordinates.
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Figure 2.15: Schematics of a DT cell [124].

The CSC is deployed in the endcap disks, contains 468 trapezoidal modules, covering 0.9
< |n] < 2.4, consists of six azimuthal positively charged anode wires crossed with seven
radial negatively charged copper cathode strips in the gas. Similar to DT case, the muon hits
the gas atoms, releases an electron which moves towards anode while positive ion flocks to
the copper cathode. Both anodes and cathodes are perpendicular to each other and hence
for each passing particle we get two position coordinates with 80 pm resolution.

Finally RPC are fast gaseous detectors, placed in both barrel and end cap regions. It
consists of 480 rectangular shaped barrel chambers, made up of 68136 strips with a total
area of 2285 m2. In addition, end cap regions are comprised of 432 trapezoidal chambers

which contain total 41472 strips and corresponding area of 668 m?.

2.3 The Data Acquisition and Trigger

LHC is able to deliver about 40 x10° bunch collisions/second which means approxi-
mately 20 interactions for each bunch crossing with overall expected event rate of 10° Hz.
It is impossible to incorporate this enormous amount of data therefore a trigger system con-

sisting of a Level-1 Trigger (L1T) and a High-Level Trigger (HLT) is introduced to reduce
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this huge interaction rate to a computationally manageable one(of the order of 100 kHz or

SO).
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Figure 2.16: Data rates are shown at different stages between detectors and final data storage
[127].

The Level 1 trigger accesses data from ECAL, HCAL and muon detectors and uses field
programmable gate array (FPGA) technology to compile local trigger primitives. This tech-
nology identifies electrons and muons by using the pattern logic. Highest quality objects
are sent to a single global trigger which then takes decision of keeping or killing the event.
At L1T the event rate is reduced to 100 kHz, acceptance or rejection of the event decision
takes place in 3.2 ps. Event must be selected very cautiously at L1T because once an event
is rejected, it is lost for good.

After an event is accepted by the L1T (Figure 2.17), all the data flow is processed by
data acquisition system (DAQ) which has two main subsystems: event builder and event
filter. Event filter transfers the data to software based system HLT, which uses filtering and
reconstruction algorithms to process events passing the L1T. HLT uses information from all
of the sub-detectors to reconstruct physical objects like electrons, muons, photons, jets and
missing transverse energy. Event data passing the HLT is stored in offline software system
where is it processed before making available for physics analyses. The HLT decision time

is about 300 ms and event rate is reduced to 100 Hz at this level (Figure 2.16).
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Figure 2.17: CMS triggers use information from sub-detectors. Figure shows L1T decision
flow, if the event passes at this stage then data is transferred to DAQ system [124].
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CHAPTER 3
EVENT RECONSTRUCTION AND SIMULATION

3.1 Particle Reconstruction

High energy particles’ collisions result in production of many unstable, short lived par-
ticles which decay abruptly, without interacting with the detector material. Therefore only
stable particles are reconstructed with Particle Flow (PF) algorithm e.g. electrons, muons,
photons and hadrons. The information about jets and other interesting physics objects can
be extracted by using stable PF objects.

Particles are identified and reconstructed on basis of their characteristics and subsequently
information from different sub-detectors or collection of sub-detectors can be used. Track-
ing system, for example, efficiently records trajectories of charged particles, therefore pro-
vides a very good measurement of direction and momenta of such particles. On the other
hand, combined information from ECAL and tracking system is used to reconstruct elec-
trons. Since photons do not leave a track in the tracker therefore energy deposition in ECAL
alone is used to reconstructs them. Muon reconstruction is done with the help of tracker and
the muon system collectively. Information form HCAL and ECAL energy deposits assists
in reconstruction of charged and neutral hadrons. Finally neutrinos or other particles which
feebly interact with detector are identified by looking at the missing information i.e. missing

transverse energy which is calculated as follows:

Br=-) P (3.1)

Where P% is the transverse momentum of i PF candidate.
Tracker plays a very important part in reconstruction of charged particles with its out-
standing low transverse momentum resolution, therefore it is required to have a best tracking

efficiency ~ 100%. A high tracking efficiency ensures the reduction in fake reconstructed
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energy. The goal is achieved by using an iterative algorithm which initially imposes tight
selection criteria, resulting in negligible fake rate but lower efficiency, then implementing
looser selections yields in throwing fake event but increasing the overall tracking efficiency.

Another important piece of information used by PF is known as calorimeter clusters,
provided by ECAL and HCAL. Information form calorimeters’ sub-detectors are used in
calorimeter clustering algorithm, which performs several measurements such as reconstruc-
tion of electrons and charged hadrons, energy and direction of photons and neutral hadrons

and distinguishing that energy deposition is from neutral or charged hadrons.

3.2 Monte Carlo event Generation

MC event generation technique is widely used in experimental and theoretical physics
analyses. This technique is very useful in predicting collider experiments as well as it helps
in development of background models to explore new physics processes. In collider experi-
ments we look for new physics signatures, appearing as excess in data over the continuously
falling background. These background processes are in fact SM processes that mimic new
physics signal like events. The SM backgrounds can be modeled in two way i.e. by using
events exclusively from simulation or by combining simulation and data driven techniques.
After modeling the background, the next step is to apply correction scale factors to back-
ground events, these scale factors are measured using data and often referred as weights.
The weights include perturbative QCD corrections, electroweak corrections, physics ob-
jects identification and reconstruction scale factors etc. SM simulations is carried out in
two parts i.e. particle modeling based on collision event, without looking at particle’s in-
teraction with the detector and secondly, taking the detector’s response in account while
modeling particles’ production in the collision.

CMS physicists use a variety of softwares to generate MC collision events and corre-
sponding cross sections such as PYTHIA [113], MADGRAPH [114], Sherpa [115] and

POWHEG [116]. Despite of difference in implementation, these softwares share the same
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basic principles. From each colliding beam, only one of the proton’s parton takes part in the
scattering while carrying a fraction of proton’s total energy, the corresponding momentum
is calculated probabilistically by random sampling from the parton distribution functions
(PDFs). Next step is hadronization process, where fragmentation and decays of initial par-

ticles are simulated to get the final stable particles.

3.3 GEANT Detector Simulation

In this part of MC event generation, the detector response is simulated. It includes the
particle’s interaction with the detector itself. The detector simulation is done with GEANT
[117] software which includes complete digital representation of the CMS detector. This
software package simulates each stable particle passing through the detector and at each step
it determines particle’s interaction with detector in a probabilistic approach. Features that
are considered while simulating events are: particle’s energy, material in which the particle
is and the magnetic field. Since the detector is not ideal therefore it is not 100% efficient, it
requires measuring the CMS calibrations and including them in simulations which will help
in simulating detector’s response accurately. After simulating the detector’s final response,
itis needed to correct any mismodeling of detector. For this purpose, scale factors calculated

from real data are applied to MC.
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CHAPTER 4
NON-THERMAL DARK MATTER MODEL

The light Non-thermal Dark Matter model is a minimal extension to Standard Model with
~ TeV scalar color triplet(s) and a light fermionic DM candidate [128]. This is a viable
and economical low-reheat temperature scenario for a late decaying moduli, that is well
motivated in string models and offers an alternative of baryogenesis from a non-thermal
point of view for the relic density. In this model baryon number is violated in interactions
meditated by heavy scalars X, which explains the baryogenesis. The decay products of
such mediators are non-thermal DM and as a result, relic density relates to the baryonic
asymmetry. In this way Non-thermal dark matter model could explain the mini-coincidence
puzzle, i.e., why the baryon and DM abundances are so similar.

In such models, light dark matter can be singly produced at the LHC as it is not parity
protected [128]. This leads to the large missing transverse energy (/) and a associated
energetic jet whose transverse momentum distribution is featured by a Jacobian-like shape,
which exhibits peaks at half of the mediator mass X. New renormalizable baryon number
violating interactions in Lagrangian ensure the successful baryogenesis and is given in equa-

tion 4.1.

Line = A} €% X o 4dC , Prdsy + Ny X inpas Pru, + C.C. (4.1)

Here d° is the charge-congugate of the Dirac spinor. Py is the right-handed projection
operator. X are iso-single color triplet scalars with hypercharge 4/3 and np,; represents
dark matter particle which is a SM singlet. The indices, p,d = {1,2,3} are for the three
quark generations, whereas i, j = {1, 2,3} are the SU(3) color indices. Successful baryo-
genesis requires more than one new scalar [129], thus o = 1,2 represents a minimal case

with two X mediators.
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In these models, the emphasize is on single dark matter production in the decay of heavy
colored mediator X and thus several production channels are investigated. These channels

include monojet, dijet, paired dijet and 2jets+ F'r topologies.

4.1 Production Mechanism
4.1.1 Single-X channels

The monojet channel is a s-channel resonant process where X couples to two down type
quarks (d,s,b) or one up type quark (u,c¢) and dark matter, as shown in Figure 4.1 (left). The

transverse momentum of recoiled energetic jet peaks approximately at half of the resonance

energy My, .
d u d d
MW Ao AW A\
X* X*
d/ nDM d/ d/

Figure 4.1: s-channel resonant processes leading to monojet (left) and dijet (right) final
states.

The PDF integrated total cross section is proportional to the square of coupling constants

according to:
A?[Aef?
o X ———"

4.2
Iy (4.2)
where Iy, is the decay width of X.
1
Ix=cp 20 P [Tl (My = Mg, — M3 )+ MY | Til (M} = M2, = M2, )
X i i
(4.3)
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The u and d represent up and down type quarks respectively. The ?ij is the final state
momentum and M, and M, are final state masses, where different quark generations are
indicated by {i, j} = 1,2, 3. Final state momentum is given as 7.

For heavy mediator ~ TeV scale, the cross section depends on couplings mainly and is

determined by the lesser between A\; and \,.

A7 Ao
(2[A1]2 + [X2f?)

4.4)

The dijet channel is a s-channel process similar to the monojet channel but with two dif-
ferent down type quarks in the final state Figure 4.1 (right). Cross section for this channel
depends only on A\; when \; >> \,. Branching ratios of the channels are shown in Fig-
ure 4.2.

Al

4.
NG WERWE (*)

Multiple jets and missing transverse energy channel includes initial state gluon-splitting
(ISGS) process, which contribute as single X channel and leads to 2 jets and missing trans-
verse energy final states (Figure 4.3). This process has significant cross-section due to the

fact that it includes valance d quark and gluon which are not PDF suppressed.
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Figure 4.2: Branching ratio for monojet and dijet channels as a function of \; with My, =1.0
TeV.

d

Figure 4.3: Initial state gluon splitting process (2 jets + Fr) .

4.1.2 X Pair Production

Both QCD and new physics vertices can contribute to two X channel as shown Figure 4.4.
X pair-production is dominated by very light 7-channel exchange particles which are shown
is last two diagrams. The cross-section is proportional to |A;|* and | \2|* respectively. Each
X can decay through the channels discussed in Section 4.1.1. Multiple jets and missing
transverse energy arise if we consider both X decay through monojet channel (2 jets plus £r)
or one X decays through monojet and the other through dijet (three jets plus £ channel).

We have included two jets plus £ channel in our analysis.
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npM

Figure 4.4: Pair production of X

4.2 Model Parameters

The non-thermal DM signal is generated with MadGraph5 and simulated by CMS full
simulation. This model is an example of simplified model and following distinct parameters

can be scanned to search for dark matter.
e Dark matter mass (M,,,,,)
e Mediator masses (Mx,, Mx,)
e Coupling to standard model (\;)
e Coupling to dark matter (\y)

Stability of DM is tied to the proton stability given that no additional symmetry e.g. R-
parity is invoked. In this case the dark matter and proton mass difference is required to be
less than electron mass i.e. [Mpy — Mp\ < M. This kinematically stabilizes the dark matter
and the proton, resulting that the dark matter mass to be accidentally nearly degenerate with

the proton mass.
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The other model parameters Mx,, Mx, , A1 and A, are allowed to vary. The lighter one
of Xs dominates the cross- section in most cases. When interference between X; and X,
occurs, the complex phases cannot be neglected. To simplify our study we assume X; be
much lighter than X, so that the interference becomes negligible. Following mediator mass

points are considered:

My, = {8000}GeV

My, = {500,750,1000,1500,2000,2500} GeV

In the heavy M limit, the coupling parameter dependence leads the monojet cross-

section (Eq. 4.4) into two regions:
(l) )\1 ~ )\2 =Mando = |)\|2

(i) A\ < Agor Ay < A\, where X width is denominated by the larger of \;, Ay and hence

g X |1’Ilill(>\1, )\2)|2.

In dijet channel, compared to the monojet case, A, is almost irrelevant unless it is larger
than A\; and dominates the X scalar width (Eq. 4.5).
At each mediator mass, the A\; — A, space is populated by a 16 x 16 grid of points as

follows.

A = {0.01,0.02,0.03,0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1,0.2,0.5, 1.0, 2.0, 5.0, 10.0}

Ao = {0.01,0.02,0.03,0.04,0.05, 0.06,0.07,0.08,0.09,0.1,0.2,0.5, 1.0, 2.0, 5.0, 10.0}

Figure 4.6 & 4.7 show generator level £ for a subset of coupling grid (A, Ao) for several
My, = {1.0, 1.5, 2.0, 2.5} TeV. We are interested in the parameter space (A1, A2) where Fr
shows a clear jacobian peak. For large values of \; the monojet production cross section

increases but for higher values of \; i.e. \; > 2 the peak starts to disappear (Figure 4.5 left).
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At this point mediator X becomes virtual (Figure 4.5 right), which essentially suppresses
the decay into monojet channel (as can be seen in branching ratio plot Figure 4.2) and leads
in increase of dijet events.

On the other hand, for larger values of A, i.e. Ay > 0.5, two jets plus £ channel con-

tributes considerably (Figure 4.6 & 4.7).
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Figure 4.5: Distribution of [ (left) and My, (right) for various A\; while Ay =0.05 for 50
fb~!. The number of events in signal region is suppressed by a factor of ~ 4 for \;=5.0
(red) with respect to A\;=0.05 (purple).

The mediator mass distributions for several My, are represented in (A1, \2) coupling pa-
rameter space (Figure 4.8 & 4.9). Mediator widths for several \; and )\, are enlisted in Table
4.1— 4.4. Generator level study for higher My, is also carried out and corresponding plots

are in Appendix A.
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My, Width (') [GeV]

/\1 /\2=002 /\2=005 )\2=010 /\2=020 /\2=050 /\2=100 )\2=200 )\2=500
0.02 0.072 0.322 1.217 4.797 29.86 119.3 477.4 2983
0.05 0.196 0.447 1.342 4.923 29.98 119.5 471.5 2984
0.10 0.644 0.895 1.790 5.370 30.43 119.9 477.9 2984
0.20 2.434 2.685 3.580 7.160 32.22 121.7 479.7 2986
0.50 14.96 15.22 16.11 19.69 44.75 134.2 492.3 2998
1.00 59.72 59.96 60.86 64.44 89.50 179.0 537.0 3043
2.00 238.7 239.0 239.9 2434 268.5 358.0 716.0 3222
5.00 1492 1492 1493 1496 1522 1611 1969 4475
Table 4.1: Mass width of My, = 1.0 TeV, for different coupling points in (A1, \y) parameter
grid.
\ My, Width (') [GeV]

! A2=0.02 | X3=0.05| A2=0.10| A\3=0.20| A3=0.50 | A\2=1.00| A3=2.00 | A\2=5.00
0.02 0.107 0.483 1.826 7.196 4478 179.0 716.1 4475
0.05 0.295 0.671 2.014 7.384 44.98 179.2 716.3 4475
0.10 0.967 1.343 2.685 8.055 45.65 180.0 717.0 4476
0.20 3.65 4.027 5.370 10.74 48.33 182.6 719.6 4479
0.50 22.4 22.82 24.17 29.54 67.12 201.4 738.4 4498
1.00 89.6 89.9 91.29 96.67 134.2 268.5 805.5 4565
2.00 358. 358.5 359.8 365.2 402.8 537.0 1074 4833
5.00 2238 2238 2239 2245 2282 2417 2954 6713

Table 4.2: Mass width of My, = 1.5 TeV, for different coupling points in (A, \y) parameter

grid.
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My, Width (') [GeV]

/\1 /\2=002 /\2=005 )\2=0 10 /\2=020 /\2=050 /\2=100 )\2=200 )\2=500
0.02 0.143 0.3938 | 1.289 4.869 29.93 119.4 477.4 2983
0.05 0.644 0.895 1.790 5.370 30.43 119.9 477.9 2984
0.10 2.434 2.685 3.580 7.160 32.22 121.7 479.7 2986
0.20 9.594 9.845 10.74 14.32 39.38 128.9 486.9 2993
0.50 59.71 59.96 60.86 64.44 89.50 179.0 537.0 3043
1.00 238.7 238.9 239.9 2434 268.5 358.0 716.0 3222
2.00 954.7 955.0 955.9 959.4 984.5 1074 1432 3938
5.00 5967 5967 5968 5971 5996 6086 6444 8950
Table 4.3: Mass width of My, = 2.0 TeV, for different coupling points in (A1, \y) parameter
grid.
\ My, Width (') [GeV]

! A2=0.02 | X3=0.05| A2=0.10| A\3=0.20| A3=0.50 | A\2=1.00| A3=2.00 | A\2=5.00
0.02 0.179 0.4922 | 1.611 6.086 37.41 149.2 596.8 3729
0.05 0.805 1.118 2.237 6.712 38.03 149.9 597.4 3730
0.10 3.043 3.356 4.475 8.950 40.27 152.1 599.6 3732
0.20 11.99 12.30 13.42 17.90 49.22 161.1 608.6 3741
0.50 74.64 74.96 76.07 80.55 111.8 223.7 671.2 3804
1.00 298.4 298.7 299.8 304.3 335.6 447.5 895.0 4028
2.00 1193 1194 1195 1199 1230 1342 1790 4922
5.00 7458 7459 7460 7464 7496 7608 8055 11188

Table 4.4: Mass width of My, = 2.5 TeV, for different coupling points in (A, \y) parameter

grid.
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Figure 4.8: Mass distribution for My, (a) 1.0 TeV and (b) 1.5 TeV as a function of (A1, Az).

54



Texas Tech University, Sonaina Undleeb, December 2017

5.0

2.0

1.0

0.5

0.2

0.1

0.05

0.02

5.0

2.0

1.0

0.5

0.2

0.1

0.05

0.02

Mass Distribution for MXl:Z.O TeV

SNEREY

.

=d/a

N
-

00 20 40 00 20 40 00 20 40 00 20 40 00 20 40 00 20 40 00 20 40 00 20 40 TeV‘

»
0.02 0.05 0.1 0.2 0.5 1.0 2.0 5.0 A

(a)
Mass Distribution for Mx1:2'5 TeV

Sujeui s}

1

L_ ;

00 25 50 00 25 50 00 25 50 00 25 50 00 25 50 00 25 50 00 25 50 00 25 50 TeV‘

0.02 0.05 0.1 0.2 0.5 1.0 2.0 5.0 A

1
(b)
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Figure 4.10: Figure shows (a) mass width ratio (I'/My, ) for Mx, = 1.0 TeV and mass width
(I) for My, = (b) 1.0 TeV, (c) 1.5 TeV, (d) 2.0 TeV and (e) 2.5 TeV as a function of (A1, \s).
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4.2.1 Cross-section vs Coupling and My,

This analysis includes monojet and two jets plus £ channels. As X, gets heavier the
cross-section gets smaller. Cross-section is plotted as a function of My, for different cou-
pling selections (A;, \2) in Figure 4.11. Production cross-section ¢ also depends on cou-
pling constants A\; and \o. Figure 4.12 shows cross-section for several My, as a function
of \; while keeping A, fixed. At larger values of A\; (i.e. A\; > 2) production cross section
starts to drop as dijet channel dominates here.

Table 4.5 represents cross-section o for various My, and coupling parameters (A, o)
whereas Table( 4.6— 4.9) show variation in cross-section with different \; while A\, remains

fixed.

= (A, A,)=(0.04,0.04) |-
—— (A, 2,)=(0.05,0.05)
—— (A, A,)=(0.07,0.07)
=== (A, A,)=(0.10,0.10)
— (A, A,)=(0.20,0.20)

10'6 11 | I | I I 11 1 I 11 1 I | I I 11 1 | I 11 1 I | I
05 T 15 2 25 3 35 2
M,, [GeV/c?]

Figure 4.11: Cross-section ¢ as a function of mediator mass Mx,. Each curve is for a fixed
(A1,A2)
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My, [GeV] Cross-Section o [pb] for (A1,A2)

! (0.04,0.04) | (0.05,0.05) | (0.07,0.07) | (0.10,0.10) | (0.20,0.20)
500 0.36723 0.56434 1.08880 2.20590 8.78450
1000 0.02027 0.03154 0.06164 0.12572 0.50543
1500 0.00295 0.00460 0.00903 0.01846 0.07467
2000 0.00064 0.00099 0.00196 0.00401 0.01637
2500 0.00017 0.00027 0.00052 0.00107 0.00447
3000 0.00005 0.00008 0.00015 0.00033 0.00144
3500 0.00002 0.00003 0.00005 0.00011 0.00051

Table 4.5: Non-thermal DM model cross-sections for combined monojet and 2 jets plus 1
signal for several mediator masses My, assuming dark matter mass to be ~ 1 GeV .

A\ Cross-Section o [pb] (Mx, =1 TeV)

! A2=0.05 22=0.10 A2=0.20 A2=0.50
0.01 0.00510 0.00556 0.00593 0.00846
0.02 0.01248 0.01559 0.01689 0.01983
0.05 0.03154 0.06354 0.08552 0.09809
0.10 0.04185 0.12572 0.25271 0.35874
0.20 0.04579 0.16804 0.50543 1.16720
0.50 0.04832 0.19036 0.72114 3.28830
1.00 0.05270 0.21001 0.82869 4.74460
2.00 0.05962 0.23813 0.94940 5.78540
5.00 0.02695 0.10790 0.42998 2.66940
10.0 0.00770 0.03088 0.12481 0.77701

Table 4.6: Non-thermal DM model cross-sections for combined monojet and 2 jets plus £
signal for various \; with Mx, = 1 TeV while keeping )\, fixed.
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Figure 4.12: Cross-section o as a function of coupling A\; for Mx, = (a) 1.0 TeV, (b) 1.5
TeV, (c) 2.0 TeV and (d) 2.5 TeV.
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A Cross-Section o [pb] (Mx, = 1.5 TeV)

! 22=0.05 A2=0.10 A2=0.20 2=0.50
0.01 0.00057 0.00062 0.00066 0.00104
0.02 0.00171 0.00211 0.00228 0.00275
0.05 0.00461 0.00924 0.01241 0.01440
0.10 0.00614 0.01846 0.03710 0.05335
0.20 0.00675 0.02476 0.07466 0.17499
0.50 0.00733 0.02892 0.10977 0.50651
1.00 0.00869 0.03462 0.13680 0.79137
2.00 0.01153 0.04627 0.18402 1.12420
5.00 0.00578 0.02304 0.092047 | 0.57047
10.0 0.00186 0.00744 0.029771 | 0.18578

Table 4.7: Non-thermal DM model cross-sections for combined monojet and 2 jets plus £r
signal for various \; with Mx, = 1.5 TeV while keeping \, fixed.

A\ Cross-Section o [pb] (Mx, =2 TeV)

! 22=0.035 22=0.10 22=0.20 22=0.50
0.01 0.00011 0.00012 0.00013 0.00023
0.02 0.00036 0.00045 0.00048 0.00061
0.05 0.00099 0.00199 0.00269 0.00321
0.10 0.00133 0.00401 0.00808 0.01190
0.20 0.00147 0.00542 0.01637 0.03932
0.50 0.00167 0.00663 0.02521 0.11871
1.00 0.00222 0.00885 0.03506 0.20461
2.00 0.00353 0.01410 0.05623 0.34284
5.00 0.00198 0.00782 0.03117 0.19673
10.0 0.00082 0.00332 0.01319 0.08251

Table 4.8: Non-thermal DM model cross-sections for combined monojet and 2 jets plus £
signal for various \; with My, = 2 TeV while keeping A, fixed.
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A\ Cross-Section o [pb] (Mx, = 2.5 TeV)

! Ao=0.05 Ao=0.10 A2=0.20 A2=0.50
0.01 0.000029 0.000031 0.000034 0.00007
0.02 0.00009 0.00012 0.00013 0.00017
0.05 0.00027 0.00053 0.00072 0.00090
0.10 0.00035 0.00107 0.00217 0.00334
0.20 0.00039 0.00147 0.00446 0.01115
0.50 0.00049 0.00192 0.00737 0.03565
1.00 0.00074 0.00298 0.01183 0.07005
2.00 0.00141 0.00564 0.02254 0.13871
5.00 0.00088 0.00360 0.01445 0.08758
10.0 0.00054 0.00210 0.00849 0.05362

Table 4.9: Non-thermal DM model cross-sections for combined monojet and 2 jets plus £r
signal for various \; with My, = 2.5 TeV while keeping A, fixed.
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4.2.2 Generator Level Cuts

The signal events are generated in M adgraphd with jet pr > 20 GeV. A study is carried
out with different jet pr cut for various resonance masses Mx,. The percentage increase in
cross-section (for jet pr = 20-0 GeV) is less than 2% , as shown in Table 4.10. The generator

level cut does not affect the efficiency of the signal much.
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Figure 4.13: Cross section variation as a function of generator level cut on jet py is shown
for various resonance masses My, is plotted.
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Mx,

1.0 TeV 1.5 TeV 2.0TeV

2.5 TeV

Increase in o

0.26 % 0.82 % 0.69 %

1.24 %

Table 4.10: The percentage increase in cross-section for 20 GeV to 0 GeV generator level

jet pr cut.

4.2.3 Signal Acceptance vs Resonance Mass My,

Acceptance of non-thermal DM signal is calculated as follows:

events passing selection cuts

total number of events

(4.6)

Signal acceptance gradually increases with the increase in resonance mass but this in-

crease is slight and almost constant within the monojet channel dominant region of the cou-

pling parameter space i.e. for the range A; = [0.01 —0.5] and A\ = [0.01 —0.5]. Figure 4.14

shows acceptance as a function of mediator mass My, .

acceptance

e except MET cut all monojet cuts applied
@ all monojet cuts applied

A, =[0.01-0.5]

A, =[0.01-0.5]

10° e b P b b Lo b Laa g Loy
1 12 14 16 18 2 22 24 26 28

My, [TeV]

3

Figure 4.14: Acceptance as a function of resonance mass. The pink plot is after all monojet
cuts applied (except £ cut), whereas blue is for all monojet selections applied including
K7 > 250 GeV. The acceptance shows almost constant behavior with increasing resonance

mass.
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4.3 Run 1 Limit on Non-thermal Dark Matter Model
4.3.1 Pheno Recast

Pheno recast collider constraints for all previously discussed channels, are shown in this
section. Two benchmark mediator masses (Mx, = 500 GeV and 1.0 TeV) are considered
to calculate the signal cross-section and compare with new physics bounds in each produc-
tion channel [128]. Non-thermal DM signal samples are generated at parton level through
MadGraph.

Monojet events are selected with jets in the central region of detector with pseudorapidity
In| < 2.4, moreover several fr thresholds are considered as listed in [131] for CMS Run-1
data at center of mass energy 8 TeV and total integrated luminosity of 20 fb*.

The 95% C.L. limits for most stringent cuts are plotted on the \; — A2 coupling parame-
ter space for both benchmarks, as shown in Figure 4.15 (blue). If \; >> Ay or Ay >> Ay,
the monojet channel cross-section depends on smaller of the two couplings and from Fig-
ure 4.15, the smaller coupling is roughly of the order of 0.1.

Dijet limit is produced by using CDF results from [132] with /s =1.96 TeV and inte-
grated luminosity 1.13 fb~*. Figure 4.15 (red) shows the 95% C.L. bound on dijet channel
which depends only on ;.

Two jets plus Fr limit is computed by considering the contribution from ISGS (Fig-
ure 4.3) and X pair production (Figure 4.4). The event selection criteria is taken from
ATLAS’s multijet + /7 study [133] and corresponding 95% C.L. bounds are shown in Fig-
ure 4.15 (orange).

Finally paired dijets limit is calculated for X pair production processes where each X
decays to dijet. The results are produced by using CMS data analysis from [134] with total
integrated luminosity 2.2 fb~' at \/s = 7 TeV. Figure 4.15 (black) shows 95 % C.L. limits
for paired dijet channel.

Comparison of all the collider bounds reveal that monojet channel poses the most signif-

icant constraint on coupling parameters, considering only one X contribution.
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Figure 4.15: A collection of exclusions for mediator benchmarks My, = 500 GeV (left) and
Mx, =1 TeV (right) from run 1 collider results [128].

4.3.2 Our Preliminary Study with Run-1 Data

This preliminary study is conducted to compare our results with pheno-recast theoretical
results by using the Run 1, 8 TeV data. The analysis is performed for monojet and 2-jets
plus Fr channels. The Non-thermal DM samples are generated in MadGraph5 and sim-
ulated through Fast Simulation technique. A 10x 10 coupling parameter space (A1, A2) is

considered as follows:

A = {0.01,0.02,0.05,0.1,0.2,0.5, 1.0, 2.0, 5.0, 10.0}

s = {0.01,0.02,0.05,0.1,0.2,0.5,1.0, 2.0, 5.0, 10.0}

The analysis includes three My, benchmark values, i.e. {1000, 1500, 2000} GeV and My,
is fixed at 4000 GeV for all My, .
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4.3.2.1 Event Selection
Events are selected according to EXO-12-048 [131].
Triggers:

The data for this search was collected using the following high F triggers:
e HLT_MET120_HBHENoiseCleaned
e MonoCentralPFJet80_PFMETnoMu95_NHEFOp95

e MonoCentralPFJet80_PFMETnoMulO05_NHEFOp95

Baseline Selection:
The data events are collected by the triggers mentioned above and required to pass a set

of event cleaning criteria.

e There should be at least one primary vertex associated to the event.

e Jet cleaning cut i.e. charged hadronic energy fraction > 0.2 (to reject beam halo
and cosmic muons), neutral EM energy fraction < 0.7 and neutral hadronic energy

fraction < 0.7 (To reject high py photons and electrons misidentified as hadronic jets).

e The jets are reconstructed using anti-k7 algorithm with a distance parameter 0.5 and

required to have py > 30 GeV and | 1) | < 4.5.
e Fr > 200 GeV (consistent with trigger turn-on).
e Jet multiplicity cut: i.e. events with number of jets > 2 are rejected.

e Events with leading jet pr > 110 GeV are accepted and the jet should be in the central

region of detector i.e. | n | < 2.4.
o A¢(jety,jety) < 2.5 (to suppress the QCD background).

e The analysis is carried out in seven regions of Fr ,i.e. £ > 250, 300, 350, 400, 450,
500 and 550 GeV.
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4.3.2.2 SM Background Predictions and Uncertainties

Standard Model background yields and their uncertainties are taken from AN-12-421
[130] and are given in Table 4.11. Figure 4.16 shows 95% CL expected limit for nonthermal
DM model (Mx, = 1 TeV) using Run 1 data. Pheno recast bounds from [128] are also
shown for £+ 2 jets (red) and £+ 1 jet (blue) channels. Run-1 result shows weaker limit
as compared to pheno recast one because of different event selections. In later case no cut
was applied on jet multiplicity whereas in Run-1 analysis maximum number of accepted jets
are 2. Due to this difference in selection criteria ,the cross-section limit is off by a factor of
two and by using the relation between cross-section and couplings in Eq. 4.7, we translated
Run-1limit to one corresponding to theory results. Orange scattered points in Figure 4.16
show good agreement between translated and pheno recast limits.
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Figure 4.16: 95 % CL expected limit contour and the pheno recast curves from [128] are
shown for My, =1 TeV in (A, Ay) parameter space. In order to show consistency with the
theory limit [128], translated points (orange) are shown.
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CHAPTER 5
DATASETS AND TRIGGER

This analysis is carried out by using datasets collected in the 2016 by CMS data taking
campaign at 13 TeV with an integrated luminosity of 35.9 fb'. The Monte Carlo back-

ground and signal processes are simulated in "Summer16" MC campaign.

5.1 Data

The events are selected in data and five control regions (CR). CR are essential to estimate
the potential background processes. For Run2016B to run2016G era of the data taking,
23rd September re-reco has been used, whereas prompt reconstruction is considered for

Run2016H. The list of all datasets used in this analysis is shown in Table 5.1.

Dataset Region Study

MET-Run2016*-23Sep2016 Signal region, Single Muon and Double Muon control re-
gions

MET-Run2016H-PromptReco-v*

/SingleElectron/Run2016*-23Sep2016 Single Electron and Double Electron control regions

/SingleElectron/Run2016H-PromptReco-v*

/SinglePhoton/Run2016*-23Sep2016 v + jets control region

/SinglePhoton/Run2016H-PromptReco-v*

/JetHT/Run2016*-23Sep2016 Single Electron, Double Electron and «y + jets control re-
gions

/JetHT/Run2016H-PromptReco-v*

Table 5.1: Datasets used in the analysis.

5.2 Background Simulation

There are a number of standard model processes which mimic the dark matter signal and
hence are required to be identified and removed from the signal region. These processes
are simulated and are shown in the Tables 5.2 and 5.3. Following is a brief description of

these background processes:
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e Z(vv) + jets : The main contribution comes from this background as neutrinos go un-
detected and hence produce real £7. The Monte Carlo samples for Z(vv) + jets have
been generated through MadGraph at leading order (LO) in QCD in binned hadronic

transverse energy sum (Hrp).

e W(Ilv) + jets : This is the second largest background in our monojet analysis. The
lepton veto is applied to reduce contribution from this process but many times leptons
are not detected (produced at large angles in detector or simply are not reconstructed).
This situation makes this background process unavoidable. The Monte Carlo samples
for W (lv) + jets have been generated through MadGraph at leading order (LO) in
QCD in several Hr bins.

e Z(ll) + jets : This process poses as background when the leptons pass unseen and
contribute to the signal like events. Monte Carlo samples for this background have

been generated through MadGraph at leading order (LO) in QCD in several Hyp bins.

e v + jets : This process is not a real background rather it is used to estimate the irre-
ducible Z(vv) + jets background and hence serves as a control region in this analysis.
Monte Carlo samples for v + jets process have been generated through MadGraph at

leading order (LO) in QCD in several Hp bins.

e Diboson (WW, W Z & Z Z) : Each of these processes usually results in leptonic decay
of one boson (mimics signal like events), whereas the other boson decays in hadrons
(jets). The resulting final state of such processes consist of F'r and hadronic jets,
therefore contributes as a background. Monte Carlo samples for W2 & ZZ have
been generated through Pythia 8 at leading order (LO) while Powheg-box at NLO-
QCD have been used to generate W samples.

e Top : Top quark decays into W + b (jets), followed by leptonic decay of W boson.

This produces £ in the final state. Single top and top pair production are two process
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which contribute as the background to monojet dark matter signal. MC samples for t¢
have been generated using aMC@NLO and Powheg generators at next-to-leading or-
der (NLO) whereas single-top events have been produced with the Powheg generator

at NLO.

QCD : QCD events are abundantly produced in the proton-proton collision. Although
typically these events do not contribute to large Fr but since the production rate is
high, even a smaller number of events with undetected high transverse momentum jet
can behave as a background. QCD Monte Carlo samples have been generated using

the MadGraph at leading order (LO) in QCD in several H bins.
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5.3 Triggers

This analysis contains data from several triggers. For signal region events are selected
through large ¥ and large /1 triggers. These triggers rely on the online version of particle
flow algorithm. PF muons are removed from the ¥ and large A calculations and hence
the same triggers can be used for dimuon (Z — uu) and single-muon (W — pv) control
region studies. Events for single and double electron control region are selected by single
electron triggers, whereas y+-jet control region events are selected by single photon triggers.
Table 5.4 shows a complete list of all the triggers used in this analysis with corresponding

L1 seed and associated primary datasets.

Dataset HLT path L1 seed

MET HLT_PFMET170_x* L1_ETM70 or L1_ETM100
HLT_PFMETNoMu [90] _PFMHTNoMu [90] _IDTight

MET HLT_PFMETNoMu [100] _PFMHTNoMu[100] _IDTight L1_ETM70 or L1_ETM100

HLT_PFMETNoMu[110] _PFMHTNoMu[110] _IDTight | L1_ETM60_NotJet52WdPhi2
HLT_PFMETNoMu [120] _PFMHTNoMu[120] _IDTight

L1_SingleEG20

Single Electron | HLT_Ele27_WPTight L1_SingleIsoEG18er
L1_SingleIsoEG20
Single Electron | HLT_Ele105_CaloIdVT_GsfTrkIdT L1_SingleEG40
L1_SingleJet200
Single Photon HLT_Photon165_HE10 L1_SingleEG40
L1_SingleJet200
Single Photon HLT_Photonl75 L1_SingleEG40
L1_SingleJet200
Jet HT HLT_EcalHT800 L1_ETM70

Table 5.4: HLT paths and corresponding L1 seeds used to collect data for primary datasets.

5.3.1 Fr Trigger Performance

K trigger performance is measured after monojet selection is carried out in single elec-
tron (W — ev) as well as single muon (W — puv) events. Single electron events are
selected form SingleElectron dataset and electrons are subjected to certain tight identifica-
tion criteria with py > 40 GeV. On the other hand single muon events are selected from

SingleMuon dataset with pp threshold 20 GeV and tight selection requirement. In addition
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to above mentioned requirement for two cases, leading jet is required to have large trans-
verse momentum i.e. pr > 100 GeV. In single electron case trigger efficiency is plotted as a
function of £ whereas for single muon events, trigger efficiency is computed with respect
to For recoil i.e. by removing muon contribution from F7 calculation. Fr trigger turn-on
curves are shown in the Figure 5.1 and are found to agree very well in the plateau region,

differing by at most 1-2% for Fr(or recoil) greater than 200 GeV.
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Figure 5.1: K trigger efficiency computed as a function of recoil in single muon events (a)
whereas in single electron events it is plotted as a function of Fr (b) [146].

5.3.2  Electron Trigger Performance

Events passing from a logical OR of Ele27 and Elel05 triggers are selected for single
electron and double electron control regions. The Ele27 trigger has tight identification and
isolation requirements whereas the Ele105 trigger has just a loose identification and no
isolation requirements. In case of boosted Z boson (Z — e*e™) two electron can spoil
each others isolation and in turn the Ele27 trigger efficiency is affected. ElelO5 trigger
has no isolation requirement and therefore helps in improving the trigger efficiency. Two

approaches are followed to compute trigger efficiency i.e.
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(i) Tag-and-probe method is used for low electron pr, where one electron is needed to
fire single electron trigger and pass certain tight selection (tag). The second electron
is also required to be in event and subjected to pass tight identification criteria as well
(probe). Finally two tag and probe electrons must have invariant mass consistent to
Z peak. Efficiency is given by fraction of events in which probe successfully fires the
electron trigger. Trigger efficiency is computed as a function of electron pr and 7.

However this method is not effective due to small number of Z events at high electrons

pr.

(ii) For high pr electron events, trigger efficiency is measured from JetHT passing the

PFHT800 trigger.

Electron trigger efficiencies are shown in Figure 5.3. For electron pr < 100 GeV, trigger
efficiency is computed by tag and probe method in Z events whereas trigger efficiency is

taken from JetHT data when pp of electron is greater than 100 GeV.

5.3.3 Photon Trigger Performance

In v+jets control region events are selected by single photon trigger. A logical OR of
two triggers Photon165 and Photon175 (py threshold 165 and 175 respectively ) is consid-
ered. Both triggers have a loose requirement on photon H/E ratio. Trigger performance is
measured in events passing the PFHT650 trigger. Further requirements include presence of
a single photon in the barrel (|n| <1.4442), which passes certain identification criteria and
a high pr central jet with pr > 100 GeV. Figure 5.2 shows single photon triggers efficiency
as a function of hadronic recoil. A logical OR of single photon triggers with the lowest
un-prescale HT trigger (EcalHT800) provides small recovery in efficiency at high recoil.
The efficiency curve rises to unity except for recoil 300-600 GeV where 2-3% of loss in

efficiency is observed.
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Figure 5.2: Single photon trigger efficiency computed as a function of photon pr in single
photon events. Black curve corresponds to single photon triggers, whereas red is for the
combination of the single photon and EcalHT800 triggers [146].
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Figure 5.3: Single electron trigger efficiency as a function of electron pr and 7). The left plot
shows the trigger efficiencies measured using Z tag-n-probe starting with electron p; of 20
GeV. The right plot shows the electron trigger efficiency measured in the JetHT dataset using
events passing the PFHT650 or PFHT800 trigger, starting at electron py of 100 GeV [146].
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CHAPTER 6
PHYSICS OBJECTS

This chapter includes detailed information about all major physics objects used in current
analysis. The Physics Object Group (POG) recommendations are followed mostly but for
the sake of this particular analysis few selection variations are also considered. All main

physics objects and corresponding selection requirements are described as follows:

6.1 Primary Vertex and Pile-up Reweighting

Generally there are several interactions appear inside the same bunch crossing, this con-
dition is referred to as pile-up. Typically this can affect or bias the analysis results therefore
pile-up reweighting is performed in order to reweight the true number of pile up interactions
in MonteCarlo to match the data ones. Well-constructed events are selected by applying

loose selection cuts and vertex associated to largest pr sum of member tracks is chosen.

6.2 Jets

This analysis includes AK4 jets. The reconstruction of jets is preformed by clustering the
PF candidates in an event using the anti-kt algorithm and a distance parameter of 0.4. For
jet clustering, only those charged particle flow candidates are chosen which are associated
with a good primary vertex. Moreover the jets are corrected with L1, L2 and L3 corrections.
L1 correction is related to event-by-event energy density estimation of neutral particle from
pile-up interactions. L2 corrections are applied as a function of 7 to equalize the jet energy
response with respect to the central barrel region. L3 corrections are applied as function
of transverse momentum to equalize central jet response with respect to reference objects.
Lastly to match the response of jets with simulation, residual jet energy corrections are
applied to jets in data.

Spring16 MC truth JECs are used to calibrate jets in simulation events and for data Sept23
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re-reco residual corrections are applied.

In order to avoid soft jets the ak4 jets are required to be in central region of detector
(In] < 2.5) with pr > 30 GeV. Loose jet identification recommendations are used from
jet-met POG. Moreover detector noise and beam halo cleaning requirements are applied to
leading ak4 jet i.e.

Charged hadronic fraction (CHF) > 0.1

Neutral hadonic fraction (NHF) < 0.8

6.3 B-tagged Jets

The identification of b jets is important to suppress the top background (both ¢ and sin-
gle top production). The b jets are tagged using BTV POG recommended medium working
point for CombinedSecondaryVertexv2 (CSVv2) tagger ( > 0.80) [136]. The b jet are se-
lected with pr > 20 GeV with || < 2.4. b jet tagging scale factors are also applied on
MonteCarlo processes as measured and recommended by the BTV group. In signal region,

top background is reduced by a factor of 3.

6.4 Muons

Leading backgrounds are electroweak processes involving muons as the outgoing parti-
cles. Itis crucial to veto muons in the signal region to eliminate the background contribution.

Muon identification and reconstruction criteria are discussed in this section.

6.4.1 Muon Identification
Muons are required to have pr > 10 GeV and 1 < 2.4. Real muons are identified in an
event by applying certain loose selection requirements, recommended by Muon-POG [137]

as follows:

e Muon reconstructed as a global or tracker muon. For global reconstruction the tracker-

track is found for each standalone-muon track and combined fit is performed for
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muon-detector hits and tracker. On the other hand, tracker muon reconstruction cor-
responds to tracker-track extrapolation and matching to reconstructed segments in

muon detector.
e Muon reconstructed as a particle flow muon.

e Relative isolation AS < 0.25.

The isolation is calculated in a cone of radius AR = 0.4, around the muon track while
considering the transverse momentum p; sum of particle-flow candidates in that cone i.e.
neutral hadrons, PF photons and charged hadrons associated to the primary vertex.

Muons are subject to the tight selections in certain control regions, which are eventu-
ally used to estimate the major background in the data-driven manner. The selections are

recommended by muon-POG [138] and are listed in Table 6.1.

Object | Selection

Muon | Muon reconstructed as a global muon

Muon reconstructed as a particle flow muon

Normalised x? of the global track less than 10

Muon segments in at least two muon stations

At least one muon chamber hit included in the global track fit
Transverse impact parameter with respect to the primary vertex < 2 mm.
Longitudinal impact parameter with respect to the primary vertex < 5 mm.
At least one pixel hit

Hits on at least 5 tracker layers

Relative isolation A < 0.15

Table 6.1: Identification criteria for tight muon selection.

It is important to study how efficient the selection is and in particular to compare this
value for data and simulation. Tag and probe method is one of the common methods for
this study. In this method a well known resonance i.e. Z peak is considered and invariant
mass of an oppositely charged pair of leptons (muons in this case) is plotted. One of the
lepton is ‘tag’ while the other is ‘probe’. Tag lepton is subjected to pass tight selection to

ensure a presence of real lepton, whereas probe is selected through loose selection criteria.
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Since this pair of leptons is forced to have invariant mass within Z mass window, it ensures
that probe is indeed a real lepton. Then several selections are applied to probe and number
of probes passing and failing gives the efficiency of the selection to find true leptons. The
mass distribution of the tag-probe (passing and failing ) pair in data is done separately and is
subject to fit simultaneously to the Z peak. This, in turn, helps to determine the efficiency of
the lepton selection which is measured for different ranges of lepton py, muon 1 and number
of vertices in the event (/Vpy/). The muon selection efficiency in simulation can be obtained

directly from the generator-level information. The efficiency of the selection is given by:

Npass
€= ——n——— 6.1
Npass + Nfail ( )

here Ny, and Ny,;; are number of events with passing and failing probes respectively. Fi-
nally the scale factors are applied to the simulation and an overall 1% uncertainty is assigned
on these scale factors. Data-to-MC scale factors for loose muon identification criteria are

shown in Figure 6.1, whereas Figure 6.2 shows the tight muon identification scale factors.

6.4.2 Muon Reconstruction

During the first 21 fb™! data, the tracking efficiency was highly affected by deadtime in
the silicon strip sensors due to Highly Ionized Particles (HIPs), whose effect was increased
by the large number of colliding bunches during 2016 data-taking. This problem has been
solved for the later part of the data-taking (from Run2016G onward). HIPs are known to
lower the reconstruction efficiency for both electrons and muons, as well as the b-tagging
efficiency. Tag and probe technique is used to measure muon tracking efficiency in Z(puu)
separately for data and simulation. The efficiency is found to be reduced for low p; muons,
barrel region muons (|| < 1.5) and muons in events with high pileup. Muon reconstruction

scale factors in low and high pileup events are represented in Figure 6.3. A systematic
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Figure 6.1: Data-MC scale factors for loose muon selection as a function of muon py and
1 with number of vertices Npy > 17 (left) and Npy < 17 (right) [137].
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Figure 6.2: Data-MC scale factors for tight muon selection as a function of muon pr and 7,
with number of vertices Npy > 17 (left) and Npy < 17 (right) [138].
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uncertainty of 0.5% is assigned to the scale factors.
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Figure 6.3: Data-MC scale factors for muon tracking efficiency as a function of muon pp
and 7 with number of vertices Npy > 17 (left) and Npy < 17 (right) [138].

6.5 Electrons

Electrons reconstruction and identification efficiencies are measured to study signal and

control regions.

6.5.1 Electron Identification

Electrons are vetoed to suppress the Z(vv)+jets and W (Iv) background processes. The

selection requirements are as follows:
e Electron py > 10 GeV and |n| < 2.5.

e In order to identify real electrons in an event, electrons must pass loose identification

and isolation criteria, as listed in Table 6.2.
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Variable Selection in Barrel Selection in Endcaps
Full 5x5 0yr < 0.0115 < 0.0370
|An; < 0.0749 < 0.0089
ANl < 0.228 <0.213
H/E < 0.356 < 0.211
Relative isolation (p correction) | < 0.175 < 0.159
1/E - 1/p < 0.229 < 0.150
|d gy (VEX)| < 0.050 < 0.100
|d (vtx)] < 0.100 < 0.200
Expected Inner Missing Hits <=2 <=3
Pass conversion veto Yes Yes

Table 6.2: Identification criteria for loose electron selection.

Electron based control regions, i.e. W (ev) and Z(ee), play crucial role in estimation of
leading electroweak background processes. Such electrons are required to pass a tighter

identification and isolation selection as provided in Table 6.3.

Variable Selection in Barrel Selection in Endcaps
Full 5x5 0yr) < 0.00998 < 0.0292

| A < 0.00308 < 0.00605
ANl < 0.0816 < 0.0394
H/E < 0.0414 < 0.0641
Relative isolation (p correction) | < 0.0588 < 0.0571
1/E - 1/p < 0.0129 < 0.0129
|d gy (VEX)] < 0.050 < 0.100
|, (vtx)] < 0.100 < 0.200
Expected Inner Missing Hits <=2 <=1

Pass conversion veto Yes Yes

Ecal PF cluster isolation - -

Hcal PF cluster isolation - -

Tracker isolation - -

x> /ndf - -

Table 6.3: Identification criteria for tight electron selection.

Tag and probe method is used to find electron selection efficiency in Z(ee) events. The
respective scale factors are taken from e-gamma POG covering the whole 2016 data taking
period and defined with respect to Summer-16 MC [139]. The scale factors for loose (left)
and tight (right) electron ID in probe electron transverse momentum pp - 7 plane are shown

in Figure 6.4.
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Figure 6.4: E-Gamma POG recommended data-MC scale factors for electron loose (left)

and tight (right) identification criteria . [139]

6.5.2 Electron Reconstruction
Electron reconstruction scale factors are computed using tag and probe technique and
are shown as a function of probe pr and 7 in Figure 6.5. A 1% systematic uncertainty is

assigned on the electron selection efficiency as recommended by POG.

6.6 Tau
Tau leptons are vetoed in this analysis to reject the electroweak background. Following

loose selection criteria is used to identify taus.
e Transverse momentum pr of tau should be greater than 18 GeV and |n| < 2.3.
e New DecayModeFinding.

o Toidentify the tau leptons, MVA based tau isolation discriminator is recommended by
TAU POG . This discriminator is a very loose MVA isolation working point labelled
as "byVLooselsolationMVArun2v1DBnewDMwLT" [140].
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Sometimes electrons and muons can be misidentified as taus, in order to minimize such
fake contribution, electron and muon rejection vetos are applied. Since the leptons veto
is already applied as a baseline selection in our analysis therefore these vetos are removed

from the tau-id.
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Figure 6.5: E-Gamma POG recommended data-MC scale factors for electron loose (left)
and tight (right) identification criteria . [139]

6.7 Photons

Mono-photon is a search for missing transverse energy plus a photon jet in final state.
Our analysis requires photon veto to seperate monojet search from mono-photon and also
to suppress Z(vv) + v + jets and W (uv) + v + jets backgrounds. Following are the

requirements for photon veto:

e Photon py > 15 GeV and |n| < 2.5.

e photons must pass loose identification criteria as listed in Table 6.4.
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Variable Selection in Barrel Selection in Endcaps

Full 5X5 orin < 0.0103 < 0.0301

H/E < 0.0597 < 0.0481

charged hadron isolation < 1.295 < 1.011

neutral hadron isolation < 1092 4 0.0148 x pr + | < 5.931+ 0.0163 x pr +
1.7 x 1075 x p 1.4 x 1075 x pZ

photon isolation < 3.630 + 0.0053 x pr < 6.541 4 0.0034 x pp

Conversion safe electron veto | Yes Yes

Table 6.4: Identification criteria for loose photon selection.

Following are the requirements for photon selection in v+ jets control region (to estimate

electroweak contribution).
e Photon py > 175 GeV and |n| < 2.5 (to maintain high purity of y+jets sample).

e photons must pass tighter identification criteria as listed in Table 6.5.

Variable Selection (Barrel)

Full 5x5 Tinin < 0.0102

H/E < 0.0396

charged hadron isolation < 0.441

neutral hadron isolation 5.931 + 0.0163x pr +1.4x 1075 x pZ
photon isolation 2.571 4+ 0.0034 x pr

Conversion safe electron veto | Yes

Table 6.5: Identification criteria for tight photon selection.

Tag and probe method is used to calculate photon selection efficiency in Z boson decay.
The electrons are treated as photon, by ignoring the matching requirements between the
ECAL supercluster and the track. Data-MC scale factors for photon identification and iso-
lation are measured by E-Gamma POG and are given as a function of probe photon pr and

7 in Figure 6.6. A 2% systematic uncertainty is assigned on the photon selection efficiency.
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Figure 6.6: E-Gamma POG recommended data-MC scale factors for photon identification

and isolation. [141]

6.8 Missing Transverse Energy

Missing transverse energy is the energy imbalance in the plane transverse to the colliding

proton beams. This imbalance can be caused by several reasons as follows:
e particles escape through the detector unnoticed.
e detector effects can cause noise.

e cffect of beam halo, cosmics and pile-up.

Missing transverse energy is calculated as a negative vector sum of py of all reconstructed

particle flow candidates in an event i.e. of
Fr = ZPlT
%

Type-1 K7 corrections are carried out as projection of jet energy correction. Control re-

gions are backgrounds to estimate the leading electroweak contribution (W (lv)+jets and
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Z (vv)+jets), which are constructed by selecting either a lepton, pair of leptons or a single
photon. The hadronic recoil against the boson is calculating by excluding the leptons and
photons pp from the missing transverse energy computation for dilepton, single lepton and

single photon control regions as follows:

U=Fr+ 77" 62)

6.8.1 Noise Filters

There can be various sources for large fake £ in an event such as detector noise, cosmic
rays, and beam-halo particles which mimic single like events as described earlier in this
section. A number of filters are recommended by the JetMet POG [135] to remove such

events. Following is the list of these filters.

e Good Vertex Filter, (at least one good primary vertex in the event is required.)
e HBHE Noise Filter.

e HBHEIso Noise Filter.

e EE Bad SC Filter.

e 2016 Global Halo Filter.

e ECAL Dead Cell Trigger Primitive Filter.

e Updated Bad Muon Filter.

e Updated Bad Charged Hadron Filter.

In addition to these filters some other precautions are also carried out to suppress the

anomalous K7 events as follows:
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e Since the recoil is computed by removing muon pr contribution from £ therefore

the analysis is not directly effected by fake £ events induced by extra or fake muons.
o further cleaning is done by applying loose muon veto in signal and control regions.

e Difference between calorimeter 7 and PF Fr is computed relative to recoil. For
mismeasured PF £, this ratio has large value (close to 1) and by applying a cut on

this variable, we can reduce the fake tracks events i.e. | £ — EEF| /U<0.5.
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CHAPTER 7
ANALYSIS

7.1 Monte Carlo Reweighting

In order to match its predictions to data, Monte Carlo simulation is corrected by applying

a number of weights and corrections.

7.1.1 Pileup Reweighting
Generally MC simulation has different pile-up conditions than data and to match generic
MC distribution to one specific to data pile-up reweighting is applied. The scale factors are

measured by matching the observed number of reconstructed vertices in Z (1) events.

7.1.2 Trigger Efficiency

MC simulation is corrected with respect to L1+HLT trigger efficiency. Trigger efficiency
is computed for several triggers directly in data. Several triggers are used in this analysis
and respective efficiencies are described in Section 5.3. The measured efficiency is applied

as a weight per event in MC simulation.

7.1.3 Lepton and Photon Efficiency and Reconstruction Scale Factors

Five control regions are defined in this analysis namely dimuon, dielectron, single muon,
single electron and single photon CR. Data-to-MC scale factors are calculated as a ratio of
lepton(photon) selection efficiency in several control region. These scale factors are then

applied to correct the MC yield.

7.1.4 NLO Corrections
More than 90% background contribution comes from electroweak processes (W -+jets

and Z+jets). These processes along with (y+jets) serve as control regions for this analysis.
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These MC samples are produced at Leading Order (LO) in Hy bins. We apply Next to
Leading Order (NLO) corrections to these background processes as event-by-event weights
to LO samples. The key factor is to match generator level pr distribution of Z, I and v to

the corresponding NLO predictions.

e For IV and Z cases large simulation samples are generated by employing aMC @NLO.
The number of partons are varied between 0-2 at NLO in QCD and matched to
PYTHIA 8.2 parton shower through FxFx algorithm [142].

e For v+1 jets, sample is generated with aMC @NLO followed by PHYTHIA 8.2 show-

ering. In this case no additional parton is generated at born level [143].

e NNPDF 3.0 in 5-flavor scheme has been used as the parton distribution function

(PDF) set for all samples.

Basic monojet selection are applied to generator level objects and and post shower pp
distributions for NLO and LO Monte Carlo samples are compared. This NLO to LO ratio
is used as k-factor as a function of pr and is applied to LO MC simulations. Further elec-
troweak k-factors are also applied to incorporate the decrease in the cross section at high pp
due to higher order electroweak effects [144] [145]. Base MC, QCD NLO and QCD+EW

NLO comparison, in terms of p distribution, is shown in Figure 7.1.
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Figure 7.1: NLO Higher-order corrections on the Z (a), W (b), and ~ (¢) pr distributions

[146].

7.2 Event Selection

This section includes the set of criteria, used to select events in signal region and CR.

There are five CR in this analysis, which are used to estimate the main electroweak back-

ground processes and are listed in Table 7.1. The data events are required to pass the re-

spective triggers in all the regions as described in the Table 5.4. In oder to reduce events

with fake F due to detector noise and beam halo background, the events must pass several

K filters as mentioned in section 6.8.1.

A base-line set of selections is applied to signal and all the CR regions e.g. selections for

primary vertex, noise cleaning and leading jet p and 7. In order to avoid QCD background,
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a cut on A¢ between leading jet and £ is applied, moreover fake track events cleaning is
also carried out. The base-line criteria is followed by the specific selection requirements,
depending on each individual region. Table 7.2 represents a summary of the event selection

used in this analysis.

CR Estimated Background
Single Muon W (lv) + jets

Single Electron

Double Muon

Double Electron | Z(vv) + jets

Single Photon

Table 7.1: List of all Control Regions to estimate the irreducible electroweak background.

Section 7.2.1 shows comparison between data and MC for hadronic recoil distribution
in all the regions. For signal region, recoil is just the /' whereas for control regions, lep-
ton(s)/photon pr is removed from the Fr computation. An overall good agreement is seen
for all the regions.

Several kinematic distributions like jet multiplicity, leading jet and leptons/photon py and

71 are shown in Appendix B.
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7.2.1 Recoil Distribution in Signal and Control Regions
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Figure 7.2: Comparison between data and Monte Carlo simulation for recoil distribution in
the (a) signal region, (b) dimuon CR and (c) double electron CR. Overall good agreement

is observed.
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Figure 7.3: Comparison between data and Monte Carlo simulation for recoil distribution
in the (a) single muon CR, (b) single electron CR and (c) single photon CR. Overall good
agreement is observed.
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7.3 Electroweak Background Estimation
A combined maximum likelihood fit of the signal region and five control regions is used
to estimate Z — vv+jets and W — [v+jets rate in each F/r bin. Table 7.3 shows several

CR and respective backgrounds to be estimated. Various uncertainties are used in this fit.

e Systematic uncertainties

e Shape uncertainties: theory uncertainties (e.g. QCD scale, PDF, NLO-EW k-factor)
on the cross section estimation. Uncertainties due to reconstructed objects such as

jets energy scale and resolution.

e Normalized uncertainties: leptons and photon reconstruction uncertainties in control
regions as well as uncertainty on b-jet veto. Luminosity and cross-section uncertain-

ties for MC-driven backgrounds.

7.3.1 Combined Maximum Likelihood Fit Procedure

First step is to compute the recoil U in all the control regions by removing either the
photon, the muons or electrons from the £ calculation. Next step is to calculate the transfer
factors (R), which are derived from simulation and used to link the yields of the Z —
ll+jets, W — [v+jets and y-+jets processes in the control regions with the 7 — vv+jets
and W — [v+jets background estimates in the signal region. These transfer factors are
defined as the ratio of expected yields of the target process in the signal region and the
process being measured in the control sample. Following is the expression for transfer factor
computed as ratio of yields in dimuon Z(uu) CR to Z(vv) background.

 Z = ptpT events in i'" bin of recoil

R? = (7.1)

’ Z — vv events in ith bin of recoil

Other transfer factors are calculated in the similar manner. The expected number of Z —

vv+jets events in each bin of F; are the free parameters of the fit. For better estimation,
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Z — vvinthe signal region is also connected to the W' — [v in the same region. Maximum

likelihood function is given is equation 7.2.

CR Estimated Background
Dimuon (Z — ppu™) Z — vv
Dielectron (Z — ete™) Z — vy
Single Photon (y+jets) Z = vy
Single Muon (W — ptv™) | W — v
Double Muon (W — etv™) | W — v

Table 7.3: List of CR to estimate major electroweak backgrounds

(577 5.0) = [ Potsson (187(0) + 0o )

ﬂ_Z—}l/l/
7

B0 + )

(
% T Poisson (dz-W B (6) + %)

x | [ Poisson (di| Bi(8) + (1 + f:(6))87 " + BSi(6)) (7.2)

where, d? /ZIW _ number of events observed in i bin of recoil in each of the CR i.e. photon,
dimuon(dielectron) and single-muon(single-electron) CR.

B! /%W~ number of events for background processes in the respective CR.

[Z7v" = a freely floating parameter and corresponds to the Z — vv background yield in

1 recoil bin in the signal region.

Rz/ Z/ W(6)= transfer factor for each CR and 6 represents systematic uncertainties appear-
ing as additive perturbations to the transfer factors.

fi(0) = transfer factor between Z — vv and W — v in the signal region.

B;(0) = all backgrounds in signal region.

S;(0) = nominal signal predictions.

[ = signal strength, a freely floating parameter in fit.
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7.3.2 Transfer Factors

The dominant background in the monojet final state comes from the Z — vv production.
This background is analogous to the dark matter final state when a boson decays into invis-
ible particles. The only means we have of discriminating against this particle is to identify
characteristic features of the initial state radiation, that are different between the boson and
the dark matter production.

To model the Z boson background, three control regions (dimuon, double electron and
single photon) are used as listed in table 7.3. The background prediction in the signal re-
gion is associated to the dimuon and double electron control regions in data through transfer
factors defined in regions of recoil, and computed using simulation that account for the dif-
ference in Z — vv and Z — [l branching ratios and also the effect of lepton acceptance
and selection efficiency. The dimuon control region contains a clean Z boson signature
with similar acceptances to the Z — vv background, the production mode and kinematics
in the control region are very similar to the signal region. However, the dimuon control re-
gion contains roughly 1/10 the number of Z boson events in the signal region. This limited
knowledge of statistics is not sufficient to estimate the Z background in signal region prop-
erly therefore dielectron CR, which is analogous to dimuon CR, is used in the estimation
process. Dimuon transfer factor is of the order of 9 (Figure 7.4(a)), implying that with the
dimuon control region alone, the analysis is systematically limited to an uncertainty 3 times
worse than the statistical precision of the analysis. The transfer factor for double electron
CR varies from 13 to 9 for low to high recoil as shown in Figure 7.4(b). In this case, transfer
factors also account for the difference in efficiencies of the electron and £ triggers.

To improve the small constraining power of the dilepton control regions, single lepton
(mainly W — [v) and y+jets events are used to further restrict the Z — vv background.
The production cross-section of W — [v is about the same as of Z — vv and adding these
two control regions reduces the impact of the limited statistical power of dilepton events.

However, additional theoretical systematic uncertainties are introduced while extrapolating
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from the single lepton and y+jets control regions to the signal region.

Single photon CR provides the dominant constraint on the high pr Z — vv due toiits large
yield even at high boson py. The respective transfer factor takes into account the difference
in the cross sections of the y-+jets and Z — vv processes, the effect of photon acceptance
and efficiency, and the difference in the efficiencies of the photon and Fr triggers. Since the
production cross-section of y+jets is roughly 2 times that of the Z — vv therefore transfer
factor is about double of the Z — vv yield in this case (Figure 7.4(c)).

The W — [v process is second largest background which results from leptonically de-
caying W bosons where the lepton either falls out of the acceptance or is not reconstructed.
This background is estimated by single-muon and single-electron control regions when lep-
ton doesn’t pass the lepton selection or gets lost in the detector. In both single-muon and
single-electron cases, the transfer factor is less than 1 for U > 300 GeV as shown in Fig-
ure 7.5(a)(b).

W — pv background is also used to estimate the irreducible Z — v background in
the signal region and respective transfer factor is shown in Figure 7.5(c). Larger statistical
power of W — [v background makes it possible to experimentally constrain Z — vv

production at high Fr.
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Figure 7.4: Transfer factors as a function of recoil U for Z — v background estimation in
dimuon (a), dielectron (b) and single photon (c) CR [146].

102



Texas Tech University, Sonaina Undleeb, December 2017

35.9 bl (13 TeV) 35.9 fb (13 TeV)
L T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T i 257 T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T i
1.4 - L B
- CcMS o— R(W(u)) Stat. Unc. 1 [ CMS o  RW(ev) sStat. Unc. i
12 L |:| Stat. + Syst. Uncertainty - 2 j |:| Stat. + Syst. Uncertainty i
1 . I ]
r ] 15— —
o8- . 3 L ]
= ] = L 4
[hd C 7 Y o 7]
-
[ e * L » i
[ e g [ i
0.4 - e ] L ., B
F *e . 0.5 - —
L e, ] r 'f, b
0.2— e — L o i
[ **+++++++: F e, o o o b
G L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ] O L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ]
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Recoil [GeV] Recolil [GeV]
(a) (b)
1

127 ‘ ‘ ‘ ‘ ‘3§.9‘fb‘ (‘]-S‘TE‘VE

L CMS —@— R(Z/W) Stat. Unc. i

r l:l Stat. + Syst. (EWK) 7

10 j - Stat. + Syst. (EWK+QCD) i

. - Stat. + Syst. (EWK+QCD+Exp.) —

8 — + —

g |- T -

5 o _FFter

o L - - 4

L - i

A = ]

L - i

L *,z i

[ |

2. i

0 L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ]

400 600 800 1000 1200 1400
Recoil [GeV]

(©

Figure 7.5: Transfer factors as a function of recoil U for Z — vv background estimation
in single-muon (a) and single-electron (b) CR. Transfer factors from W — uv is shown in
(c) [146].
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7.3.3 Experimental Uncertainties on TFs

Uncertainty coming from lepton veto is the only experimental uncertainty on Z /W ratio
in signal region. Transfer factors are not affected by systematics due to jet energy scale
and jet energy resolution as the hadronic content of event is almost same for signal and
control regions and eventually get cancelled in ratio calculations of electroweak processes.
Experimetal uncertainties are given in Table 7.4. Since there was some inefficiency noticed
at the HLT-level in the PF-muon assignment therefore a conservative systematic uncertainty
is assigned to all transfer factors, computed by taking full difference between £ trigger
turn-ons measured in double and single muon events. The variation in uncertainty is found

to be 2% at f = 250 GeV to few per-mille for £ > 500 GeV.

Source Process Uncertainty
P trigger Wsr/Wew, Wsr/Wyws Zuw | Zece, Zvw | Zpp, Zuw /vy | shape vs Bp
Electron trigger Wsr/Wew, Zoy | Zee 1 %
Photon trigger /A 1 %

1 reconstruction efficiency
1 identification efficiency
e reconstruction efficiency

WSR/WHV7ZUV/ZM;,L
WSR/VV,U,IMZVV/Z;L;L
WSR/Weua Zvu/Zee

1 % (per leg)
1 % (per leg)
1 % (per leg)

e identification efficiency Wsr/Wev, Zoy | Zee 2 % (per leg)
«y identification efficiency | Z,, /v 2%

14 veto Wsr/Weo,Wsr/Wen,Z/W shape vs Fr
e veto Wsr/We Wsg/Wen,Z)/W shape vs Fp
T veto Wsr/We Wsg/Wen, ZJ/W shape vs K

Table 7.4: Experimental uncertainties on transfer factors to estimate major electroweak
background in signal region [146].

7.3.4 Theoretical Uncertainties on TFs

QCD higher order corrections and electroweak (EW) corrections appear as additive per-
turbation to all the transfer factors. PDF uncertainty is evaluated from re-weighted NLO
QCD samples, where weights are calculated at generation level with each one unit of vari-
ation of the eigenvectors of the PDF fit. Reweighted py distributions and thus the transfer
factors are produced for each eigenvector variation, the RMS of the transfer factor variation

is taken as the PDF uncertainty. NLO reweighting is done using following formula.
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do o o . . do .
#(5QCD7 Emias EEW) = [ANLO.QeD (EQep) « (1 + Kew (€EW)) + Emia - OFmiz) X —LVO(NO>
dpy, dpy
(7.3)
where

e rnLo.ocp(Eqep) = NLO-QCD k-factor as a function of nuisances parameters (€qcp)-

It includes:

— renormalization and factorization uncertainties.
— QCD shape uncertainty.

— process dependent uncertainty given as a difference between the NLO k-factor
of each of Z-+jets, W +jets and y-+jets processes with respect to NLO k-factor
of Z — ll+jets.

All these nuisance parameters must be considered as fully correlated across £ bins,

as well as across different processes (Z, W, g).

e rpw(€gw) = NLO-EW corrections parameterized as:

— corrections for virtual production and photon and quark bremsstrahlung.

— NNLO Sudakov corrections for missing NNLO effects (which are not absorbed
in NLL) and unknown Sudakov logs in the perturbation expansion beyond NNLO.
It also includes uncertainty due to the Sudakov approximation calculated as a
difference between the NLL Sudakov approximation and full NLO-EW correc-

tions.

® £, = combination of NLO-QCD and NLO-EW corrections and §«,,;, = uncertainty
due to non factorized EW-QCD effects.
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The variation in several uncertainties for 1W/Z transfer factors as a function of recoil is
shown in Appendix C. QCD-NLO process dependent uncertainties have the largest values,
varying from 1.5-0.5% while PDF and QCD-EW mixing nuisances show negligible effect.
The effect of above mentioned all three Sudakov uncertainties is large at higher values of
boson pr and can reach up to 2% each.

The nuisances on Z/~ ratio are also summarized in Appendix C. Process dependent
QCD-NLO uncertainties are dominant, changing from -2% for hadronic recoil < 400 GeV
to +2% for larger values. Identical alternate sign of uncertainties is seen for QCD-NLO
renormalization and factorization scale and shape nuisances, but the effect is small. QCD-

EW mixing is negligible for the whole range of recoil.

7.3.5 Systematic uncertainties on minor backgrounds

Systematic uncertainties considered on minor backgrounds are taken directly from simu-
lation (e.g. single-top, ¢t and dibosons) or from data (e.g. QCD multi-jets). The uncertainty
arising from electron and photon triggers is utmost 1% while leptons/photon reconstruction
and identification uncertainty is 1-2%. On the other hand, b-jet veto uncertainty is taken as
6% for top in all regions and for remaining backgrounds it is as large as 2%. Normalization
uncertainties on sub-dominant processes are within 10-20%. Table 7.5 summarizes all the

systematics on minor backgrounds.

7.3.6 Validation in Data

The quality of NLO-QCD and NLO-EW corrections are checked by looking at the pre-fit
ratio of the Z+jets events to events in both y+jets and 1/ +-jets datasets. These corrections
change the ratio and this cross check is important especially for NLO-EW corrections which
are different for bosons (W and Z) and photons. The ratio is compared for MC and data by

CMS monojet group and is found to be in a good agreement [146].
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Source Process Uncertainty
Luminosity All except for data driven backgrounds 2.6%
Electron trigger MC bkgs in W, and Z.. CRs 1%
Photon trigger MC bkgs in y+jets CR 1%
EMSS trigger MC bkgs/signal in SR, W, and Z,,, CRs shape vs Ef'
Jet energy scale MC bkgs/signal in SR and CRs 5%
Muon-reco efficiency MC bkgs in W, and Z,,,, CRs 1%
Muon-ID efficiency MC bkgs in W, and Z,,,, CRs 1%
Electron-reco efficiency MC bkgs in V., and Z,.. CRs 1%
Electron-ID efficiency MC bkgs in WW,, and Z.. CRs 2%
Photon-ID efficiency MC bkgs in y+jets CR 2%
Lepton veto MC bkgs in SR like Zy, tt, VV shape vs Eiss
Photon purity QCD in Photon CR 40%
b-jet veto Top in SR and all CRs 6%

All remaining in SR and all CRs 2%
Top pr reweight Top 10%
Top norm Top 10%
VV norm \'A% 20%
Zy+jets norm Zy~jets (SR) 20%
~v+jets norm v+jets (SR) 20%
QCD (shape from DD) QCD (SR) 100%

Table 7.5: List of all systematic uncertainties on minor backgrounds, taken directly from
simulation of minor background processes (top, dibosons) or from data (QCD multi-jets)
[146].
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CHAPTER 8
RESULTS

8.1 Control Region only Fit

Two major electroweak backgrounds (7 — vv and W — [v) are estimated by using
maximum likelihood fit procedure as described in Section 7.3. The theoretical uncertainties
in y+jets to Z+jets and W +jets to Z-+jets differential cross section ratios are included in
the fit. A post-fit distribution for recoil is obtained by applying bin-by-bin reweighting
factors on Z — vv and W — v MC samples. Fit mainly depends on the control regions
which have larger yields. Post-fit recoil plots for dimuon, dielectron, single muon, single
electron and single photon CR, considering only data from the control regions, are shown in
Appendix C. Experimental and theoretical uncertainties are represented by the gray bands
in the ratio plots. All the post-fit control regions plots show a better agreement as compared
to pre-fit distributions.

Finally the data and post-fit MC comparison in recoil distribution in signal region is
shown in Figure 8.1, while the fit is exclusively control regions based. In this case, the post-
fit background prediction is completely oblivious to the data in the signal region. Events
with ' > 1250 GeV are included in the last bin of recoil distribution. Non-thermal DM sig-
nals for benchmarks My, =[1.0, 1.5, 2.0] TeV are shown in black. Each of the signal distri-
bution peaks at half of the My, whereas the couplings are chosen as (A1, A\2) = (0.07,0.07).
Data are found to be in agreement with the SM prediction.

The expected and observed event yields in monojet signal region are reported in Table 8.1.
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Figure 8.1: Fr distributions for data and various SM backgrounds in signal region. No
excess of data over the SM expectation is observed. The background processes are estimated
by performing maximum likelihood fit to the data in all the control regions while signal
region is excluded from the fit. Black curves represent Fr distributions expected from
Non-thermal DM model with Mx, =1.0, 1.5 and 2.0 TeV, peaking at 500, 750 and 1000
GeV respectively. Signal curves are plotted for couplings (A, A2) = (0.07,0.07). Data
to predicted MC ratio is shown in the middle panel where gray bands indicate the post-fit
uncertainty in the background prediction. Bottom panel shows the distributions of the pulls,
defined as the difference between data and the post-fit background prediction relative to sum

in quadrature of the post-fit uncertainty in the prediction and the statistical uncertainty on
data.
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Fr (GeV) | Observed | Z — vv+jets | W — lu+jets Top Diboson Other Total SM
250-280 136865 79700 £ 2300 | 49200 & 1400 | 2360 £ 200 | 1380 +220 | 1890 £ 240 | 134500 % 3700
280-310 74340 45800 £ 1300 | 24950 £ 730 1184 £ 99 770 £ 120 840 £ 110 73400 +£ 2000
310-340 42540 27480 + 560 13380 £ 260 551453 469 + 77 445 + 63 42320 £ 810
340-370 25316 17020 +£ 350 7610 £ 150 292 £ 28 301 £ 51 260 £ 39 25490 =+ 490
370-400 15653 10560 + 220 4361 £91 157 + 17 198 + 33 152 4+ 26 15430 £ 310
400-430 10092 7110 £ 130 2730 £ 47 104 £ 12 133 £23 84 £ 15 10160 £ 170
430-470 8298 6110 £ 100 2123 £ 37 752+179 110 £ 19 67 £ 11 8480 + 140
470-510 4906 3601 £ 75 1128 £ 22 38.6+53 75+ 12 21.0+3.9 4865 £ 95
510-550 2987 2229 £ 39 658 £+ 12 18.5+3.3 51.7+95 12+£24 2970 £ 49
550-590 2032 1458 £ 27 398 £38 123 +£2.6 359+7.1 9719 1915 £33
590-640 1514 1182 £ 26 284 £7 55+14 309 £5.7 2.6+0.7 1506 + 32
640-690 926 667 £ 15 151+ 4 4.6+ 1.7 16.7 £ 3.9 40£0.38 844 £+ 18
690-740 557 415 £ 12 90.4 +3.0 38+1.5 15.6 £3.6 1.7+04 526 £+ 14
740-790 316 259 £9.6 552423 0.8 +£0.5 9.14+23 02+0.1 325+ 12
790-840 233 178 £ 7.1 353+ 1.7 1.7+£0.8 535+ 1.7 14+£03 223 £9
840-900 172 139 £6.2 252+13 1.5+1.2 2.52+1.05 | 0.04 £0.03 169 £+ 8
900-960 101 88.1 £49 147+ 0.9 03+£0.3 388 +1.42 | 0.03+£0.02 107+ 6
960-1020 65 73.8 +£4.7 120+ 0.8 04+£0.3 1.83 +£0.92 | 0.02£0.01 88.1+53

1020-1090 46 42.6 +3.1 6.7+ 0.6 0.0+0.0 3424133 | 0.01 £0.01 52.8 £3.9

1090-1160 26 215+ 2.1 35+04 0.0 £0.0 0.00 +0.00 | 0.01 £ 0.00 250425

1160-1250 31 21.0+22 33+04 0.0 £ 0.0 1.07 £ 0.69 | 0.01 £ 0.00 255426

1250-1400 29 225+24 29403 0.0 £ 0.0 1.49+0.91 | 0.01 £ 0.00 269 +2.8

Table 8.1: The SM background predictions and their corresponding uncertainties compared
to the data in each £ bin are reported in the monojet signal region. The background yields
and the corresponding uncertainties are obtained after performing a combined fit to data in
all the control samples while excluding data in the signal region [146].

8.2 Control and Signal Region Background only Fit

In this section post-fit results are shown, which are obtained by performing maximum
likelihood fit under the background only hypothesis including data from the signal region.
Appendix C represents the post-fit recoil distributions for dimuon, dielectron, single muon,
single electron and single photon control regions. The post-fit distributions, in this case are
very much similar to what we get after applying CR only fit. Experimental and theoretical
uncertainties are represented by the gray bands in the ratio plots.

K distribution in signal region is shown in Figure 8.2 where the fit includes events from
signal region in the background estimation procedure. K distribution for Non-thermal
DM signals with My, = [1.0, 1.5, 2.0] TeV are also shown in black. Each of the signal

curves peaks at half of the mediator mass. The coupling to SM and DM are considered as
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(A1, A2) = (0.07,0.07). Data are found to be in good agreement with the SM prediction.
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Figure 8.2: F'r distributions for data and various SM backgrounds in signal region. No
excess of data over the SM expectation is observed. The background processes are estimated
by performing maximum likelihood fit to the data in all the control regions as well as in the
signal region. Black curves represent £ distributions from Non-thermal DM model with
Mx, =1.0, 1.5 and 2.0 TeV, peaking at 500, 750 and 1000 GeV respectively. Signal curves
are plotted for couplings (A, A2) = (0.07,0.07). Data to predicted MC ratio is shown
in the middle panel where gray bands indicate the post-fit uncertainty in the background
prediction. Bottom panel shows the distributions of the pulls, defined as the difference
between data and the post-fit background prediction relative to sum in quadrature of the
post-fit uncertainty in the prediction and the statistical uncertainty on data.
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8.3 Nonthermal DM Limit Scan

No excess was observed over the SM background therefore results are interpreted in terms
of upper limit on the nonthermal dark matter signal cross-section. Limits are computed
using the CLs method [149, 150] with a profile likelihood ratio as the test statistic in which
systematic uncertainties are modeled as nuisance parameters. Expected and observed upper
limits are computed in a coupling gird of (A;, A2) where \; and A, ranges are set to [0.01 —
1.5] and [0.01 — 2.0] respectively. The coupling grid is selected in such a way that mediator
width to mass ratio is approximately 30%.

The 95% confidence level (C.L.) observed and expected upper limits on . = o /oy, in
the \; — \s plane at the benchmarks My, = 1.0 TeV, Mx, = 1.5 TeV and My, = 2.0 TeV
are presented in Figures 8.3, 8.4 and 8.5 respectively. The uncertainty band around the me-
dian expected exclusion limit represents the one standard deviation due to the statistical and
experimental systematic uncertainties. For Mx, = 1.0 TeV and My, = 2 .0 TeV, observed
limits are stronger than expected and reside within one and two sigma respectively whereas
in case of Mx, = 1.5 TeV, observed limit is found to be weaker than expected and lies within
2 sigma expected limit standard deviation.

The plots for A\; < 0.03—0.04 represent the cross-section upper limits on £+ 2 jets

channel for all benchmark points as this channel is dominant for smaller values of A;.
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Figure 8.3: 95 % CL median expected and observed limits are shown for Mx, = 1.0 TeV.
The thick black curve shows the expected exclusion contour for an integrated luminosity of
35.9 fb~!, while the solid red line represents the observed one. In this case observed limit
is stronger than expected and lies well within one standard deviation.
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Figure 8.4: 95 % CL median expected and observed limits are shown for Mx, = 1.5 TeV.
The thick black curve shows the expected exclusion contour for an integrated luminosity of

35.9 fb~!, while the solid red line represents the observed one. In this case observed limit
is weaker than expected and lies well within two standard deviation.
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Figure 8.5: 95 % CL median expected and observed limits are shown for Mx, = 2.0 TeV.
The thick black curve shows the expected exclusion contour for an integrated luminosity of
35.9 fb~!, while the solid red line represents the observed one. In this case observed limit
is stronger than expected and lies well within two standard deviation.
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8.3.1 Model Independent Interpretation

This section includes model independent interpretation of results in terms of upper limit
on the resonance mass Mx, . We are interested in that part of the coupling grid where mono-
jet channel dominates or in other words # distribution shows jacobian peak for all mediator
masses as well as width of the mediator should be less that 10 GeV (condition for narrow
resonance). According to Fr distribution plots shown in Figures 4.6 and 4.7, the desired
range of \; and )\ is [0.01-0.5] each, where the mediator width is about 4.5% for all banch-
marks (Table 4.1— 4.4). For this particular coupling range signal acceptance remains almost
constant with the increase in My, (Figure 4.14).

Figure 8.6 shows 95% C.L. expected and observed upper limits on production cross-
section for resonance process where the decay products are a light quark jet and a light
weakly interacting particle. Production cross section for light nonthermal DM model with
(A1, A2) = (0.1,0.1) is also shown in red curve. This plot represents model independent
limit for resonant processes when mediator decays to one quark or gluon jet and weakly
interacting particle like neutrino or light dark matter.

Figure 8.7 represents 95% C.L. expected and observed upper limits on production cross-
section as a function of mediator mass My, for (A;, A\2) = (1.0,0.1). In this case the limit
is not model independent due to the fact that Fr distribution is no more jacobian shaped
due to dominance of other channels e.g. Fr+2 jets or dijet. Nonthermal DM theoretical

cross-section is shown in red.
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Figure 8.6: 95% C.L. observed and expected upper limits on production cross-section for
resonance process are shown where the mediator decays to a light quark jet and a light
weakly interacting particle. The expected limit is model independent and holds for the
range of 0.01 to 0.5 for each of A\; and ;. Red curve is for nonthermal DM cross-section
for ()\1, )\2) = (01, 01)
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Figure 8.7: 95% C.L. observed and expected upper limits on production cross-section as
a function of mediator mass My, is shown for (A1, A2) = (1.0,0.1). Nonthermal DM the-
ory cross-section is shown in red curve. The expected limit is model dependent in this
case, as signal acceptance varies with coupling parameters and madiator mass My, when
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CHAPTER 9
CONCLUSION

Discovery of Higgs boson, during Run 1 operation of LHC is a great achievement of
high energy collider physics. It intrigued experimental and the theoretical particle physics
community all over the world to look beyond Standard Model and investigate several unex-
plained phenomena at LHC. Understanding the existence and characteristics of dark matter
is one of the major LHC goals.

For more than three decades, the most motivated candidates for dark matter are the Weakly
Interacting Massive Particles (WIMPs), which arise in models beyond the SM. Most theo-
retical and experimental endeavors have been directed towards discovering WIMPs. How-
ever, the latest bounds from dark matter direct, indirect detection and LHC experiments
do not provide any convincing signals of such particles so far. It may imply that DM is
not made up of traditional WIMP candidate, which motivates the exploration of other in-
teresting, non-WIMP dark matter particles e.g. axions, self-interacting dark matter and
strongly-interacting dark matter. Several non-thermal DM scenarios are being explored at
LHC.

The DM search at LHC is quite challenging and apparently may seem preposterous as
we do not know whether dark matter’s interaction with ordinary matter is substantially
strong enough to probe such production in SM particles’ collision. Nevertheless, dark mat-
ter searches at collider experiments have grown interest significantly due to the experimental
feasibility of such searches at LHC. Now we have a sufficient knowledge of SM backgrounds
processes and their differential distribution, that even a very minor disagreement in the miss-
ing transverse energy distribution may provide us a useful new physics signature. Numerous
dark matter models has been devised to predict missing transverse energy signal, including
so-called mono-X searches which deal with direct production of dark matter in association

with SM states. Study of monojet channel is one of such searches, which looks for events
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where a high transverse momentum jet is produced along with large missing transverse en-
ergy #r, which is the topic of this dissertation as well.

I performed this analysis by studying and analyzing monojet (one or more jets plus £r)
events in proton-proton collisions at center of mass energy /s =13 TeV. The data for this
study is taken from CMS detector at LHC, collected during Run 2 operation in 2016, with an
integrated luminosity of 35.9 fb™'. I interpreted the results in terms of Light Non-thermal
DM model, which explains existence of dark matter as well as baryon asymmetry in the uni-
verse. The main features of this model are: its jacobian peak in the Fr distribution, peaking
at approximately half of the mediator mass and a very light dark matter candidate whose
stability is ensured by fixing its mass equal to that of the proton. For model, monojet and
2-jets plus F'r events are selected. Various mediator masses are considered for this study,
e.g. {1.0, 1.5, 2.0, 2.5} TeV. The final £ distribution shows excess of events within 20,
over the SM backgrounds for Mx, = 1.5 TeV. This is not enough to call it a discovery, but
requires to check in future data. No significant excess of events is observed for other medi-
ator masses. I have also set model independent limit on the mediator mass, by constraining
the coupling parameter space to exclusively monojet channel i.e. each coupling ranges as
[0.01—0.5]. It provides expected upper limit on narrow resonance, decaying to a light quark
jet and a light weakly interacting particle.

There is a strong motivation for the existence of dark matter and with today’s constant
advancement of technology and analysis techniques, it is hoped to observe such signature

in near future.
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APPENDIX A: GENERATOR LEVEL PLOTS FOR HIGHER My,

Fr Distribution

This section includes generator level studies for higher mediator masses e.g. Mx, =3.0
and 3.5 TeV. These mass points are not incorporated in analysis part of this dissertation but
this study may prove helpful for future analysis, with more data in hand.

A
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Figure 9.1: Generator level F1 for My, (a) 3.0 TeV and (b) 3.5 TeV as a function of (A1, \2).
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Mass Distribution Mx; and Mass Width I

My, Width (I') [GeV]

M A2=0.02 | X2=0.05 | A\2=0.10| A2=0.20 | A\2=0.50 | A2=1.00| \3=2.00| A2=5.00
0.02 0.215 0.591 1.93 7.303 44.89 179.1 716.1 4475
0.05 0.967 1.342 2.685 8.055 45.64 179.9 716.9 4476
0.10 3.652 4.027 5.370 10.74 48.33 182.6 719.6 4478
0.20 14.39 14.77 16.11 21.48 59.07 193.3 730.3 4490
0.50 89.58 89.95 91.29 96.66 134.2 268.5 805.5 4564
1.00 358.0 358.4 359.8 365.2 402.7 537.0 1074 4833
2.00 1432 1433 1434 1439 1477 1611 2148 5907
5.00 8950 8951 8952 8958 8995 9129 9666 13425
Table 9.1: Mass width of My, = 3.0 TeV for different coupling points in (A1, \y) parameter
grid.
\ My, Width (") [GeV]

! A2=0.02 | X2=0.05 | A\3=0.10| A2=0.20 | X\2=0.50 | A2=1.00| \3=2.00| X2=5.00
0.02 0.251 0.6891 | 2.255 8.520 52.37 209.0 835.5 5221
0.05 1.127 1.566 3.1326 | 9.398 53.26 209.9 836.4 5222
0.10 4.260 4.699 6.265 12.53 56.39 213.0 839.5 5225
0.20 16.79 17.22 18.79 25.06 68.91 225.5 852.0 5237
0.50 10.45 104.9 106.5 112.8 156.6 313.2 939.8 5325
1.00 417.7 418.2 419.7 426.04 | 469.9 626.5 1253 5638
2.00 1671 1671 1672 1679 1723 1879 2506 6891
5.00 10442 | 10443 | 10444 | 10451 | 10494 | 10651 | 11277 | 15663

Table 9.2: Mass width of My, = 3.5 TeV for different coupling points in (A1, \y) parameter

grid.
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Figure 9.2: Mass distribution for My, (a) 3.0 TeV and (b) 3.5 TeV as a function of (A1, A2).

134



Texas Tech University, Sonaina Undleeb, December 2017

My, for 3 Tev My, for 3.5 Tev

10°

10°

10

10*

10 1

(@) (b)
Figure 9.3: Mass Width for My, (a) 3.0 TeV and (b) 3.5 TeV as a function of (A1, \2).
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Cross-section vs Coupling and My,

A\ Cross-Section o [pb] (Mx, =3 TeV)

! A2=0.05 22=0.10 A2=0.20 A2=0.50
0.01 0.000009 0.00001 0.00001 0.00003
0.02 0.00003 0.00003 0.00004 0.00006
0.05 0.00008 0.00016 0.00022 0.00030
0.10 0.00011 0.00032 0.00067 0.00117
0.20 0.00013 0.00047 0.00144 0.00396
0.50 0.00018 0.00072 0.00276 0.01377
1.00 0.00037 0.00147 0.00574 0.03472
2.00 0.00082 0.00367 0.01406 0.08983
5.00 0.00068 0.00264 0.01147 0.07175

Table 9.3: Non-thermal DM model cross-sections for combined monojet and 2 jets plus 1
signal for various A\; with My, = 3.0 TeV while keeping )\, fixed.

A Cross-Section o [pb] (Mx, = 3.5 TeV)

! A2=0.05 A2=0.10 A2=0.20 A2=0.50
0.01 0.000002 0.000003 0.000004 0.000014
0.02 0.000009 0.000012 0.000013 0.000028
0.05 0.000026 0.000052 0.000075 0.000124
0.10 0.000035 0.000108 0.000229 0.000452
0.20 0.000043 0.000162 0.000510 0.001565
0.50 0.000078 0.000309 0.001206 0.007139
1.00 0.000184 0.000751 0.003031 0.018151
2.00 0.000480 0.001992 0.008448 0.050313
5.00 0.000434 0.002006 0.007150 0.047301

Table 9.4: Non-thermal DM model cross-sections for combined monojet and 2 jets plus 1
signal for various A\; with My, = 3.5 TeV while keeping )\, fixed.
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Figure 9.4: Cross-section ¢ as a function of coupling \; for Mx, = (a) 3.0 TeV and (b) 3.5
TeV.
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APPENDIX B: KINEMATICS PLOTS IN SIGNAL AND CONTROL REGIONS
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Figure 9.5: Comparison between data and Monte Carlo simulation in the signal region for
(a) AK4 jet multiplicity and (b) leading jet pp.
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Figure 9.6: Comparison between data and Monte Carlo simulation in the dimuon region for
(a) dimuon mass distribution, (b) leading jet pr, (c) AK4 jet multiplicity and (d) leading
muon pr.
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Figure 9.7: Comparison between data and Monte Carlo simulation in the dimuon region for
(a) leading muon 7, (b) sub-leading muon pr and (c) sub-leading muon 7.
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Figure 9.8: Comparison between data and Monte Carlo simulation in the double electron
control region for (a) dielectron mass distribution, (b) leading jet pr, (c) AK4 jet multiplicity
and (d) leading electron py.
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Figure 9.9: Comparison between data and Monte Carlo simulation in the double electron
control region for (a) leading electron 7, (b) sub-leading electron pr and (c) sub-leading
electron 7).
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Figure 9.10: Comparison between data and Monte Carlo simulation in the single muon
control region for (a) AK4 jet multiplicity, (b) leading jet pr, (c) leading muon py and (d)
leading muon 7.
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Figure 9.11: Comparison between data and Monte Carlo simulation in the single electron
control region for (a) AK4 jet multiplicity, (b) leading jet pr, (c) leading electron py and
(d) leading electron 7).
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Figure 9.12: Comparison between data and Monte Carlo simulation in the single photon
control region for (a) AK4 jet multiplicity, (b) leading jet py and (c) photon pr .
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APPENDIX C: POST-FIT RECOIL PLOTS

Control Region Only Fit
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Figure 9.13: MC and data are compared for (a) dimuon and (b) dielectron control regions
before and after the control region only fit. Experimental and theoretical uncertainties are

represented by gray bands in ratio plots. An improved agreement between data and MC is
seen [146].
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Figure 9.14: MC and data are compared for (a) single muon, (b) single electron and (c)
single photon control region before and after the control region only fit. Experimental and

theoretical uncertainties are represented by gray bands in ratio plot. Animproved agreement
between data and MC is seen [146].
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Control Region and Signal Region Background only Fit
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Figure 9.15: MC and data are compared for (a) dimuon and (b) dielectron control regions
before and after the control region plus signal region background only fit. Experimental
and theoretical uncertainties are represented by gray bands in ratio plots. An improved
agreement between data and MC is seen [146].
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Figure 9.16: MC and data are compared for (a) single muon, (b) single electron and (c) sin-
gle photon control region before and after the control region plus signal region background
only fit. Experimental and theoretical uncertainties are represented by gray bands in ratio
plot. An improved agreement between data f’li)él MC is seen [146].
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APPENDIX D: THEORY UNCERTAINTIES

The variation in several uncertainties for 1¥//Z transfer factors as a function of recoil, is
shown in Figure 9.17. Left plot shows QCD-NLO uncertainties, whereas impact of NLO-
EW uncertainties is shown in right plot. QCD-NLO process dependent uncertainties have
the largest values, varying from 1.5-0.5%, while PDF and QCD-EW mixing nuisances show
negligible effect. The legend N°LO in NLO-EW uncertainties plot represents all three Su-
dakov uncertainties, whose effect is large at higher values of boson p and can reach up to

2% each.
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Figure 9.17: Theory uncertainties on W/Z ratio: (a) QCD-NLO nuisances and uncertainty
related to mixing of QCD-NLO and EW-NLO, (b) variation of NLO electroweak nuisances
[146].

The nuisances on 7/~ ratio are summarized in Figure 9.18. Similar to W/ Z case, left plot
shows fluctuations in QCD-NLO uncertainties and right plot sums up NLO-EW nuisances.
Process dependent QCD-NLO uncertainties are dominant, changing from -2% for hadronic

recoil < 400 GeV to +2% for larger values. Identical alternate sign of uncertainties is seen
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for QCD-NLO renormalization and factorization scale and shape nuisances, but the effect

is small. QCD-EW mixing is negligible for the whole range of recoil.
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Figure 9.18: Theory uncertainties on v/Z ratio: (a) QCD-NLO nuisances and uncertainty
related to mixing of QCD-NLO and EW-NLO, (b) variation of NLO electroweak nuisances
[146].
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